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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

WORLDWIDE CATALYST SALES for 1989 are expected to exceed $5 bil
lion. In the United States, the market is in excess of $2 billion. Proper 
preparation, characterization, and evaluation of industrial catalysts are 
prerequisites for the development and commercial use of these materials. 
New preparative techniques and novel materials have generated many 
highly active and selective catalysts. Proper testing procedures to 
measure chemical and physical properties have accelerated commer
cialization. Sophisticated new instrumentation has increased our 
knowledge about the nature of catalytic sites and species, leading to a 
better understanding of the molecular processes that take place in a 
catalytic reactor. The need for standardization of test procedures for 
physical and chemical evaluation of catalysts resulted in the formation in 
1975 of the ASTM D-32 Committee on Catalysts. The symposium on 
which this volume is based sought to focus attention on these important 
topics, with special emphasis on updating the progress made in the 
preparation, testing, and characterization of catalysts. 

As demonstrated throughout this volume, catalyst development is 
much more than just plant testing. Rejecting a hypothesis because of 
poor plant performance and not determining whether the catalyst was 
improperly prepared or treated can inhibit a breakthrough. Similarly, 
characterizing only the catalysts that give excellent performance so as to 
understand the system may cause researchers to miss the critical variable. 

The chapters in Characterization and Catalyst Development: An 
Interactive Approach, assembled from both academic and industrial 
contributors, give a unique perspective on catalyst development. Some 
chapters thoroughly characterize the catalyst prior to plant evaluation, 
whereas others utilize characterization to explain performance variances. 
Some new types of catalysts incorporated into this volume include the 
preparation of novel catalyst supports based on alumina and hydrous 
titanates. Attrition-resistant catalysts and ultrafine ceramics were 
prepared by modified spray-drying methods. New catalyst compositions 
based on vanadium-containing anionic clays were proposed for oxidation. 
A recently commercialized catalyst based on magnesium spinel was 
proposed for use in the abatement of sulfur oxide pollutants in fluid 
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catalytic cracking. A large variety of instrumental techniques have been 
applied to the characterization of catalysts and results correlated to 
performance. These include infrared, nuclear magnetic resonance, 
scanning transmission electron microscopy, X-ray absorption fine struc
ture, magic angle spinning nuclear magnetic resonance, microporosity 
techniques, and temperature desorption methods. These techniques are 
being used to characterize zeolites and oxide supports as well as 
reforming, desulfurization, and cracking catalysts. Standardized pro
cedures developed by ASTM tell how to test catalysts for important 
physical properties such as crushing strength and attrition resistance. 
Standard reference samples are available for calibration for some ASTM 
methods. 

The editors acknowledge the contributions of Susan Lambert, 
Secretary for the Program Committee of the ACS Division of Petroleum 
Chemistry, Inc., and our cosponsors, the Division of Petroleum 
Chemistry, Inc., and the D-32 Committee of ASTM. We also thank the 
cross-listing Divisions of Fuel Chemistry and of Industrial and 
Engineering Chemistry, Inc. Robert Koros, Chairman of the ASTM 
D-32 Committee on Catalysts, and staff manager Bruce Klotz of ASTM 
were most helpful. We also thank G . E. Dolbear, J. Longenback, and C. 
A Audeh for organizing the poster session. We are indebted to Allied 
Signal, UOP, and Amoco Oil for allowing us to participate in this 
project and for providing valuable secretarial support. The views and 
conclusions expressed herein are those of the authors, whom we 
sincerely thank for the prompt return of their manuscripts and for their 
excellent presentations. Finally, we thank all of the scientists and 
engineers who devoted many valuable hours to the critical reviewing of 
these manuscripts. 

STEVEN A. BRADLEY 
UOP Research Center 
Des Plaines, IL 60017 

MARK J. GATTUSO 
UOP 
Des Plaines, IL 60017 

RALPH J. BERTOLACINI 
Amoco Oil Company 
Naperville, IL 60566 

July 18, 1989 
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Chapter 1 

The Role of Catalyst Characterization 

in Process Development 

Vladimir Haensel and Hertha Skala Haensel1 

Department of Chemical Engineering, University of Massachusetts, 
Amherst, M A 01003 

Part I: Introduction 

Catalyst characterization, if properly u t i l i z ed , can be both the 
cornerstone of the science of catalysis and the "catalyst in i ts 
own right for industrial progress". As a long term research 
endeavor, i ts goal should be an understanding of the catalyt ic act 
on a molecular level , a clear elucidation of the nature of the 
individual catalyst sites and of their interdependence and 
interaction with each other as well as with the reactants. It 
must also provide a stimulus for the development of instrumental 
capabil i t ies and instrumental and chemical techniques which arc 
the tools for this research effort. A basic knowledge of 
catalysis and the a b i l i t y to conceptualize a working hypothesis is 
a most desirable prerequisite for such studies. 

A discerning act iv i ty test in a well designed microreactor 
must be an integral part of the overall approach to develop the 
means for correlating physical, chemical and electronic properties 
of the catalyst with act iv i ty , se lect iv i ty and s tab i l i ty . 

Such studies, when well designed, provide for a more 
fundamental understanding of catalysis . Catalytic concepts and 
models are thereby developed and "catalysts by design" come within 
the realm of rea l i ty . This area of catalyst characterization is 
exciting, complex and requires researchers of many talents. This 
is where the issue of true fundamental interest, the structure and 
associated energetics of the transition state should be identif ied 
as a major challenge. 

In industrial catalysis i t is the application of catalyst 
characterization to catalyst development and process trouble 
shooting which also require researchers of many talents. This is 
where the overall task of a catalyst diagnostician is to f i t 
together a jigsaw puzzle wherein individual pieces must not only 
fit into a proper place but they must be a part of the total 
picture, a picture suff ic ient ly defined even though many pieces 

1 Consultant. Mailing address: 83 Larkspur Drive, Amherst, M A 01002 

0097-6156/89/0411-0002$06.00/0 
o 1989 American Chemical Society 
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1. HAENSEL & HAENSEL Catalyst Characterization in Process Development 3 

are s t i l l missing. In long range c a t a l y s t research we have the 
luxury o f choosing the m i s s i n g pieces i n a s p e c i f i c area of the 
p i c t u r e . In a p p l i c a t i o n of c a t a l y s t c h a r a c t e r i z a t i o n to 
i n d u s t r i a l c a t a l y s t development and process t r o u b l e shooting i t i s 
the s p e c i f i c piece which w i l l make the biggest c o n t r i b u t i o n to 
d e f i n i n g the p i c t u r e which must be found simply because there i s a 
time l i m i t . I t i s t h i s aspect of a choice of focus and technique 
which makes i t such a d i f f i c u l t undertaking. 

This i s where management p a r t i c i p a t i o n becomes c r i t i c a l 
because a l l o c a t i o n of resources, both manpower and equipment, f o r 
long range research, c a t a l y s t development and t r o u b l e shooting 
emergency research becomes an e x c e p t i o n a l l y d i f f i c u l t task. 

We have d i v i d e d t h i s p r e s e n t a t i o n i n t o seven p a r t s . In 
t h i s f i r s t p a r t we p o i n t out that i t would serve l i t t l e purpose to 
enumerate and d i s c u s s the modern surf a c e s c i e n c e techniques which 
have been developed i n recent years. This i s not the purpose of 
t h i s p r e s e n t a t i o n , nor i s i t w i t h i n our most recent e x p e r t i s e to 
d i s c u s s techniques which w i l l be so ably covered i n subsequent 
pres e n t a t i o n s . Thus, we contacted some of the leaders i n surface 
science and c a t a l y s i s and asked them what they consider to be the 
most important breakthroughs i n the area of c a t a l y s t 
c h a r a c t e r i z a t i o n and what are the challenges of the f u t u r e . We 
spoke w i t h M i c h e l Boudart, Wayne Goodman, Wolfgang S a c h t l e r and 
John S i n f e l t . None of these experts has requested e i t h e r 
anonymity or immunity. This i s described i n Part I I . 

The t h i r d p a r t deals w i t h a b r i e f h i s t o r y of c a t a l y s t 
c h a r a c t e r i z a t i o n during the era of i t s most productive cooperation 
w i t h c a t a l y s t - p r o c e s s development. Unfortunately, l a r g e l y due to 
increased extent of s o p h i s t i c a t i o n i n both areas, there has been a 
decrease i n cooperation and an increase i n p o l a r i z a t i o n . 

The f o u r t h part addresses the r e a l world of the i n d u s t r i a l 
demands f o r b e t t e r c a t a l y s t s . I t i s the world which i s w i l l i n g to 
finance h i g h l y s o p h i s t i c a t e d equipment as w e l l as expensive 
research t a l e n t t o improve our c a t a l y t i c knowledge and apply i t to 
develop b e t t e r c a t a l y s t s . Even though such research i s given 
considerable l i p s e r v i c e , i t i s the most v u l n e r a b l e to t e r m i n a t i o n 
and/or t r a n s f e r s to more p r e s s i n g problems. 

The f i f t h p a r t deals w i t h an even more r e a l world, 
r e l a t i n g to the emergency c a t a l y s t c h a r a c t e r i z a t i o n problems. 
Many workers i n t h i s area have experienced t h i s t e r r i b l e pressure 
- "don't do research, j u s t s o l v e our problem". In t h i s instance 
we have drawn e x t e n s i v e l y upon our own experience. 

The s i x t h part returns to the main theme of t e c h n o l o g i c a l 
cooperation, i n t h i s instance understanding the r e l a t i o n s h i p 
between the c a t a l y z e d r e a c t i o n and the c a t a l y s t surface. 

The l a s t p a r t deals w i t h a somewhat humorous experience 
that the s e n i o r author had i n connection w i t h c a t a l y s t 
c h a r a c t e r i z a t i o n . 

Part I I : View from the Top 

As i n d i c a t e d e a r l i e r , we have contacted a number of experts i n 
c a t a l y s i s and asked them about breakthroughs and challenges i n 
c a t a l y s t c h a r a c t e r i z a t i o n . The r e p l i e s were not unexpected - each 
expert provided an answer that to him was of paramount importance. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

1



4 CHARACTERIZATION AND CATALYST DEVELOPMENT 

M i c h e l Boudart f e l t that the "most u n i v e r s a l l y u s e f u l t o o l 
i s synchrotron r a d i a t i o n which can handle a l l elements, valences 
and atomic s t r u c t u r e i n s i t u , even i n l i q u i d phase". The 
challenge i s " a b i l i t y t o handle and understand c a t a l y s t 
d e a c t i v a t i o n at molecular and microscopic l e v e l s " . 

Wayne Goodman commented as f o l l o w s : The development of 
chemisorption techniques f o r the c h a r a c t e r i z a t i o n of a c t i v e 
c a t a l y t i c surfaces has provided a mechanism f o r defining* s p e c i f i c 
c a t a l y t i c a c t i v i t y , thus s e p a r a t i n g true c a t a l y t i c a c t i v i t y from 
the ambiguities of c a t a l y t i c a c t i v i t y d e r i v e d from c a t a l y s t 
f o r m u l a t i o n . As a consequence, chemisorption has allowed the 
development of r e l a t i o n s h i p s between c a t a l y s t s t r u c t u r e and 
a c t i v i t y / s e l e c t i v i t y . Furthermore, chemisorption has provided a 
framework which has allowed the s u r f a c e s c i e n c e of supported metal 
p a r t i c l e s and the surface science of s i n g l e c r y s t a l c a t a l y s t s to 
be i n t e r r e l a t e d . 

The emergence o f potent s t r u c t u r a l technique such as EXAFS 
as w e l l as the a p p l i c a t i o n n of UHV s u r f a c e s c i e n c e techniques to 
c a t a l y t i c problems has and w i l l p l a y a p i v o t a l r o l e i n the 
development of a fundamental understanding of the science of 
c a t a l y s i s . An enhanced understanding i n e v i t a b l y leads to 
s c i e n t i f i c and t e c h n o l o g i c a l breakthroughs. 

With respect to challenges, Wayne Goodman s t r e s s e d the 
development of s e n s i t i v e s u r f a c e d i a g n o s t i c s f o r i n s i t u 
c h a r a c t e r i z a t i o n o f working c a t a l y s t s to e s t a b l i s h an unambiguous 
r e l a t i o n s h i p between s u r f a c e ( e l e c t r o n i c ) s t r u c t u r e at the atomic 
l e v e l and c a t a l y t i c a c t i v i t y / s e l e c t i v i t y and f i r s t p r i n c i p l e s 
design o f c a t a l y t i c m a t e r i a l s f o r s p e c i f i c chemical and f u e l s 
a p p l i c a t i o n s . 

Wolfgang S a c h t l e r ' s comments on breakthroughs and 
challenges are considered i n terms of: The experimental techniques 
which helped him most to understand adsorption and c a t a l y s i s are: 
Infra-Red Spectoscopy, F i e l d E l e c t r o n Microscopy and Temperature 
Programmed Reduction and Desorption (TPR, TPD). In the case of 
TPR and TPD the p r i n c i p l e i s o l d , but modern e l e c t r o n i c techniques 
and computers are r e q u i r e d t o o b t a i n the needed s e n s i t i v i t y and 
r e p r o d u c i b i l i t y . P r o f e s s o r S a c h t l e r f u r t h e r i n d i c a t e s that t h i s 
does not mean that he would l i k e to l i v e without GRC, XRD, EXAFS, 
XPS, Auger or e l e c t r o n microscopy, but i f he c o u l d design by black 
magic a f u t u r i s t i c t o o l , he would l i k e t o have some instrument 
which has the same r e s o l u t i o n power as the f i e l d ion microscope 
but can be a p p l i e d to a working c a t a l y s t at the temperature and 
pressure c h a r a c t e r i s t i c f o r i t s steady s t a t e . 

John S i n f e l t f e e l s "that the most g e n e r a l l y v a l u a b l e t o o l 
f o r a long time has been the measurement of adsorption isotherms, 
i n c l u d i n g the BET method f o r determination o f t o t a l s u r f a c e area 
and various s e l e c t i v e chemisorption methods f o r determining the 
amount o f s u r f a c e a s s o c i a t e d w i t h p a r t i c u l a r component. The BET 
method has been wide l y used by c a t a l y t i c chemists f o r almost h a l f 
a century f o r the c h a r a c t e r i z a t i o n of c a t a l y t i c m a t e r i a l s . I t i s 
among the foremost developments i n s u r f a c e science during the 
t w e n t i e t h century". 

John S i n f e l t continues "with respect to EXAFS t h i s has the 
v i r t u e s of great g e n e r a l i t y regarding s t r u c t u r a l i nformation, but 
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1. HAENSEL & HAENSEL Catalyst Characterization in Process Development 5 

i t i s very d i f f i c u l t to o b t a i n instrument time". He then warns 
"don't be too enamored of s p e c i a l i z e d techniques - sometimes 
simple chemical t i t r a t i o n procedures can be very h e l p f u l and 
i n f o r m a t i v e " . With respect to challenges f o r c a t a l y s t 
c h a r a c t e r i z a t i o n "look f o r surface science t o o l s to d i s c e r n 
d i s p e r s i o n s created i n true c a t a l y t i c environment". 

A l l of the above comments have a commonality - a high 
a p p r e c i a t i o n f o r the new techniques but, at the same time, they 
emphasize that adsorption - desorption techniques remain 
indespensable t o o l s f o r c a t a l y s t c h a r a c t e r i z a t i o n . 

Part I I I ; H i s t o r i c a l 

The authors of t h i s paper have spent a combined t o t a l o f some 
seventy years i n process development and c a t a l y s t 
c h a r a c t e r i z a t i o n . We have found the work i n these areas as a most 
i n t e r e s t i n g and rewarding experience. We f i r m l y b e l i e v e that 
c a t a l y s t c h a r a c t e r i z a t i o n must p l a y an i n t e g r a l and major r o l e i n 
advancing both the science and technology of c a t a l y s i s . We can go 
a step f u r t h e r and s t a t e that from our experience the 
i n t e r d i s c i p l i n a r y approach i s the key to a r a p i d and s u c c e s s f u l 
commercialization of a c a t a l y t i c process, i n v o l v i n g not only most 
branches of chemistry, s u r f a c e science, chemical engineering and 
chemical physics but, as another key i n g r e d i e n t , complete support 
from the management which can put the whole e f f o r t together. A 
very important f u n c t i o n o f the management i s to b r i n g c a t a l y s t 
c h a r a c t e r i z a t i o n personnel i n t o a l l d i s c u s s i o n s r e l a t i n g to 
c a t a l y s t and process development from the very beginning of the 
p r o j e c t . 

I t i s i n t e r e s t i n g t o t r a c e b r i e f l y the h i s t o r y of c a t a l y s t 
c h a r a c t e r i z a t i o n . I n i t i a l l y the s i t u a t i o n was very simple: a 
c a t a l y s t was prepared and c h a r a c t e r i z e d by i t s performance as a 
c a t a l y s t f o r the r e a c t i o n o f i n t e r e s t . I f the performance was not 
s u f f i c i e n t l y good, new formulations were t r i e d . Although nowadays 
people may look upon t h i s as an e x e r c i s e i n empiricism i t 
c e r t a i n l y was not. The changes which were made r e q u i r e d a great 
deal of chemical thought combined w i t h a c e r t a i n amount of gut 
f e e l i n g , but i t was never o f the " t a k i n g t h i n g s o f f the s h e l f " 
v a r i e t y . The important point i s that one examined very c a r e f u l l y 
the a c t u a l c a t a l y t i c r e s u l t s - that i s changes i n product-
composition and q u a l i t y f o l l o w e d by c o r r e l a t i n g them w i t h whatever 
changes were made i n c a t a l y s t p r e p a r a t i o n . In e a r l y days o f our 
work we d i d not have the luxury of an almost immediate product 
a n a l y s i s . Now we take t h i s f o r granted, and yet the p a i n s t a k i n g 
time consuming analyses gave time f o r a more j u d i c i o u s s e l e c t i o n 
of f u t u r e experiments. Each r e s u l t was very precious - now we 
f r e q u e n t l y s u f f e r from too much data and too l i t t l e thought. A 
bit. more philosophy - " t r e a t each i n d i v i d u a l data p o i n t as i f t h i s 
were the end r e s u l t and draw conclusions". In "Science", Feb. 26, 
1988 one f i n d s a c o n c u r r i n g statement by Y u r i A. O s i p i a n , D i r e c t o r 
of the USSR I n s t i t u t e f o r S o l i d State P h y s i c s , who conceded there 
was a lack of computers i n the Soviet Union. However, he a l s o 
s a i d "sometimes i t i s a b l e s s i n g . I f you have l e s s s c i e n c e 
equipment you have more time to t h i n k " . 
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6 CHARACTERIZATION AND CATALYST DEVELOPMENT 

The e a r l y t h i n k e r s i n c a t a l y s i s were enamored of an idea 
of a u n i f i e d theory of c a t a l y s i s , such as the e l e c t r o n i c thex>ry o f 
V o l k e n s t e i n . This was preceded and f o l l o w e d by other ideas but 
over a p e r i o d of time i t was r e a l i z e d that so many d i f f e r e n t 
f a c t o r s are i n v o l v e d so that a s i n g l e e x p l a n a t i o n was most 
u n l i k e l y . But, as pointed out by two of the "greats" i n 
c a t a l y s i s , I p a t i e f f and Tropsch, that "to t r y to understand 
c a t a l y s i s you must know a l o t of chemistry". This need to know a 
l o t of chemistry a p p l i e s p a r t i c u l a r l y to c a t a l y s t d i a g n o s t i c i a n s . 

The e a r l y p h y s i c a l and physico-chemical methods evolved 
around surface area measurements, c a t a l y s t a c i d i t y , hydrogen and 
carbon monoxide t i t r a t i o n s . These became e s s e n t i a l l y standard 
c a t a l y s t c h a r a c t e r i z a t i o n t o o l s . Nevertheless, the Herman Pines 
School maintained t h a t , paraphrasing Gertrude S t e i n , "a c a t a l y s t 
i s a c a t a l y s t i s a c a t a l y s t " and t h i s School was q u i t e s u c c e s s f u l 
i n s e l e c t i n g s u i t a b l e t e s t r e a c t i o n s i n c h a r a c t e r i z i n g c a t a l y s t s 
and e f f e c t s of compositional changes. Over a p e r i o d of time both 
schools progressed very s u c c e s s f u l l y i n that c a t a l y s t surfaces are 
no longer so mysterious as they were before and, much more was 
learned o f the mechanisms of many r e a c t i o n s . 

Part IV: The Real World 

As s u r f a c e science t o o l s became more s o p h i s t i c a t e d i t became 
abundantly c l e a r that n e a r l y a l l t o o l s r e q u i r e d extremely clean 
surfaces and high vacuum techniques. Mi c h e l Boudart has pointed 
out a number of times the need to b ridge the gap between the high 
vacuum sp e c t r o s c o p i c techniques and the r e a l world of c a t a l y t i c 
r e a c t i o n s . 

The r e a l world i s tremendously i n t e r e s t e d i n c a t a l y s t 
s t r u c t u r e w i t h respect to: 

(a) In the case o f metal c o n t a i n i n g c a t a l y s t s , the 
d i s t r i b u t i o n of the metal f u n c t i o n as ensembles, 
c l u s t e r s , r a f t s or even i n d i v i d u a l atoms. The extent of 
metal support i n t e r a c t i o n and the v a r i a t i o n i n the 
s t r e n g t h of such i n t e r a c t i o n . The a c c e s s i b i l i t y of the 
metal f u n c t i o n , i t s s t a b i l i t y , and, most importantly, i t s 
a c t i v i t y and s e l e c t i v i t y . 

(b) In the case of b i f u n c t i o n a l c a t a l y s t s , i n v o l v i n g both 
a c i d i c and metal s i t e s , the questions deal w i t h r e l a t i v e 
c o n c e n t r a t i o n of the two types, r e l a t i v e l o c a t i o n and 
extent of t h e i r i n t e r a c t i o n , t h e i r c o m p a t i b i l i t y w i t h the 
t o t a l c a t a l y s t s t r u c t u r e and, most importantly, the 
a c t i v i t y and s e l e c t i v i t y of the e n t i r e composite. 

The composite of a l l t h i s information i s only a part of the t o t a l 
i n t e r d i s c i p l i n a r y e f f o r t t h a t we spoke about e a r l i e r . 

Let us r e t u r n to the c a t a l y s t c h a r a c t e r i z a t i o n . We can 
ask the question, "which c a t a l y s t do you wish to c h a r a c t e r i z e ? " 
Is i t a c a t a l y s t which i s j u s t about ready to be put i n t o a 
r e a c t o r , or one t h a t has been exposed to the reactants f o r a few 
seconds, or a few minutes or hours or months? Or i s i t a c a t a l y s t 
that has undergone? occ a s i o n a l or p e r i o d i c regenerations? The 
b a s i c question of c a t a l y s t c h a r a c t e r i z a t i o n i s not that of a f r e s h 
c a t a l y s t per se, but how can we d i s c e r n or c h a r a c t e r i z e i n a f r e s h 
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1. HAENSEL & HAENSEL Catalyst Characterization in Process Development 7 

c a t a l y s t those p r o p e r t i e s and c a p a b i l i t i e s which can stand up to 
the subsequent vagaries of commercial r e a c t i o n environment? 

This i s where we have to emphasize that a s c i e n t i s t 
i n v o l v e d i n c a t a l y s t c h a r a c t e r i z a t i o n must be thoroughly 
knowledgeable not only i n h i s or her own e x p e r t i s e of 
spe c t r o s c o p i c and other a n a l y t i c a l techniques, but that same 
s c i e n t i s t must a l s o be thoroughly f a m i l i a r w i t h chemical and 
engineering p a r t i c u l a r s of the process which uses t h i s c a t a l y s t . 

Part V: An Even More Real World 

A r e a l l y superb person i n c a t a l y s t c h a r a c t e r i z a t i o n has an analogy 
i n the medical world - a r e a l l y superb general p r a c t i t i o n e r - who 
not only can diagnose but who a l s o knows the s p e c i a l i s t s who can 
be c a l l e d upon. J u s t l i k e the task of a medical d i a g n o s t i c i a n , 
much c a t a l y s t c h a r a c t e r i z a t i o n i s d e t e c t i v e work t r y i n g to 
e s t a b l i s h what caused c a t a l y s t d e a c t i v a t i o n i n a commercial u n i t -
an emergency s i t u a t i o n - w i t h much money at stake, p a r t i c u l a r l y 
when the u n i t shuts down. Our e a r l y experience w i t h the poison i n g 
of the P l a t f o r m i n g c a t a l y s t confirmed the need f o r a superb 
c a t a l y s t d i a g n o s t i c i a n . The f i r s t commerical P l a t f o r m i n g u n i t at 
the Old Dutch R e f i n e r y i n Muskegon Michigan s t a r t e d i n November 
1949 and, des p i t e some i n i t i a l problems, ran s u c c e s s f u l l y and 
became a show p l a c e f o r p o t e n t i a l l i c e n s e e s . By 1952 P l a t f o r m i n g 
u n i t s were being l i c e n s e d at an average r a t e of a new u n i t every 
two weeks, and t h i s continued f o r many years. Every u n i t was 
c a r e f u l l y monitored at the s t a r t - u p , and those of us who have been 
i n v o l v e d i n process development and c a t a l y s t c h a r a c t e r i z a t i o n were 
kept informed o f the operation of each new u n i t , but p a r t i c u l a r l y 
when t r o u b l e arose. We d i d h i t r e a l t r o u b l e w i t h an e a r l y u n i t i n 
the Mid-Continent area ( B e l l O i l and Gas Company) which e x h i b i t e d 
the t y p i c a l platinum p o i s o n i n g symptoms, a p r o g r e s s i v e d e c l i n e i n 
the endothermicity of r e a c t i o n , f i r s t i n the top s e c t i o n of the 
f i r s t r e a c t o r and then p r o g r e s s i v e l y downward and then t o the top 
of the second r e a c t o r . Before long, the c a t a l y s t i n the f i r s t 
r e a c t o r became v i r t u a l l y i n a c t i v e and, amidst much co n s t e r n a t i o n , 
a l l p o s s i b l e f o r c e s were c a l l e d upon to diagnose the problems and, 
most importantly, to provide a s o l u t i o n , p r e f e r a b l y one that would 
be quick, simple and cheap. A sample of c a t a l y s t from the top o f 
the f i r s t r e a c t o r was thoroughly analyzed. We had a l s o obtained 
samples of feedstock to the u n i t . The c a t a l y s t a n a l y s i s showed 
unmistakable signs of poison i n g by a r s e n i c , probably one of the 
most potent poisons f o r platinum. Next came the a n a l y s i s of the 
feedstock, and by extreme care i t was shown that the feedstock 
contained 35 p a r t s per b i l l i o n of an a r s e n i c compound. Nowadays, 
i t may seem simple to determine such a minute co n c e n t r a t i o n , but 
go back some 37 years. At that time we only had a "gut f e e l i n g " 
from our previous work where we t e s t e d a l a r g e number of c a t a l y s t 
a d d i t i v e s i n minute tra c e s and d i d show a p a r t i c u l a r l y 
i r r e v e r s i b l e p o i s o n i n g w i t h a r s e n i c . However, to f i n d any poison 
on the c a t a l y s t sample by X-ray r e q u i r e d some very ingenious work 
u n t i l f i n a l l y some very f a i n t X-ray l i n e s were detected showing 
a r s e n i c . To f i n d a r s e n i c i n the feedstock, Dr. E. Bicek, who d i d 
the X-ray work on the c a t a l y s t , e x t r a c t e d l a r g e amounts of 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

1



8 CHARACTERIZATION AND CATALYST DEVELOPMENT 

feedstock w i t h s u l f u r i c a c i d and concentrated the a r s e n i c compound 
u n t i l a p o s i t i v e a n a l y s i s was f i n a l l y achieved. 

Whenever you have t r o u b l e s w i t h a commercial u n i t you 
i n v a r i a b l y get some " g l e e f u l " comments from competition who c l a i m 
that t h e i r newly developed c a t a l y s t i s a r s e n i c r e s i s t a n t . What 
has happened i s that the competitors f e l l i n t o the same o r i g i n a l 
t r a p as we d i d . When we added minute q u a n t i t i e s of an a l k y l a r s i n e 
compound t o the feedstock the c a t a l y s t was not poisoned. Then i t 
dawned on us that a l a b o r a t o r y u n i t has a tremendous surf a c e to 
volume r a t i o as compared t o a minute s u r f a c e t o volume r a t i o i n a 
commercial u n i t and, i n the l a b o r a t o r y , we were l o s i n g the poison 
on the w a l l s p r i o r t o contact w i t h the c a t a l y s t . Next, we 
i n s e r t e d a t i n y p a r t i c l e of a r s e n i c on a w i r e above the c a t a l y s t 
and i n l e s s than an hour the c a t a l y s t was dead. 

At that p o i n t we knew the reason and i t took a very short 
time f o r Dr. J . Murray, head of our a n a l y t i c a l f a c i l i t i e s , to show 
that a bed of c l a y removed the a r s e n i c completely. This was 
i n s t a l l e d and the u n i t ran p e r f e c t l y . 

The lesson i s that the c a t a l y s t d i a g n o s t i c i a n must not 
only be able t o diagnose the problem but must be i n a p o s i t i o n to 
s o l v e the problem i n a r e l a t i v e l y short p e r i o d o f time. 

This i n i t i a l experience which dates some years ago i s not 
unusual, f o r i t has been repeated many times over whenever 
c a t a l y s t s are used. Most r e c e n t l y , we have had d i s c u s s i o n s with 
Dr. Burkhard Wagner, Research Associate at Unipol Systems 
Department, Union Carbide. I t i s i n t e r e s t i n g t o note that Dr. 
Wagner has a l s o drawn an analogy to the emergency room medical 
treatment. In h i s case, the process i s gas phase p o l y m e r i z a t i o n 
of ethylene and when there i s a suspected c a t a l y s t problem, the 
f i r s t approach i s to narrow down the realm o f p o s s i b i l i t i e s , thus 
a l l o w i n g more concentrated e f f o r t w i t h i n the time frame. In t h i s 
approach, a r a p i d component a n a l y s i s i s used to t e s t the gross 
d i s t r i b u t i o n of c a t a l y s t components. I f the "gross-chemistry" i s 
O.K., the next step w i l l i n v o l v e an imbedding technique f o r 
p a r t i c l e s ( s i z e s 30 microns) i n t o polyethylene and c r y o g e n i c a l l y 
microtoming. The s l i c e d p l u g goes i n t o SEM to o b t a i n a v i s u a l 
observation of atomic c o n c e n t r a t i o n over the e n t i r e p a r t i c l e or 
s e c t i o n s thereof. I f one c a t a l y s t component i s found to be 
m a l d i s t r i b u t e d the c a t a l y s t manufacturing f a c i l i t i e s are 
immediately contacted. 

An outgrowth of the "emergency room procedure f o r a quick 
f i x " i s the concept of "doing i t r i g h t the f i r s t time". This 
i n v o l v e s s t r i p p i n g the problem to i t s bare e s s e n t i a l s and then 
s t a r t p u t t i n g things together again i n order to f i n d out what i s 
the r e a l problem. In t h i s instance Burkhard Wagner advocates the 
use of a task f o r c e approach r a t h e r than team approach. The 
authors of t h i s paper have advocated t h i s approach i n t h e i r work, 
s i n c e a task f o r c e i s more f l e x i b l e and more d i r e c t . 

P a r t VI: Happenings on the Surface 

Despite the great emphasis on s o p h i s t i c a t e d t o o l s which we admire 
and a p p r e c i a t e , we would l i k e t o make a case f o r simple, though 
not n e c e s s a r i l y e a s i e r , chemical reasoning and techniques which 
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1. HAENSEL & HAENSEL Catalyst Characterization in Process Development 9 

provided much of the input i n e a r l i e r days and should again p l a y a 
more prominent p a r t . 

What we are concerned w i t h i s the need t o understand a 
r e a c t i o n mechanism, which, a f t e r a l l i s the "guts" of a c a t a l y t i c 
r e a c t i o n . In l i n e w i t h t h i s l e t us now r e c a l l how we t r i e d t o 
deduce what i s happening on the s u r f a c e o f a a c a t a l y s t and how 
does the s u r f a c e p a r t i c i p a t e i n t h i s occurrence. A simple example 
i s that of hydrocracking normal heptane over a d u a l - f u n c t i o n a l 
c a t a l y s t ( n i c k e l on s i l i c a - a l u m i n a ) at about 250°C. (Table 1). 
Hydrocracking i s a w e l l e s t a b l i s h e d process wherein higher b o i l i n g 
crude o i l f r a c t i o n s are subjected to c r a c k i n g i n the presence of 
hydrogen at r e l a t i v e l y high pressures and r e l a t i v e l y low 
temperatures (as compared to c a t a l y t i c cracking) to produce 
sat u r a t e d lower b o i l i n g components which are then used d i r e c t l y or 
are fed to a c a t a l y t i c reforming step to increase the aromatic 
content. 

In the case o f normal heptane i t i s immediately observed 
that there i s something wrong s t o i c h i o m e t r i c a l l y - whereas the 
moles of propane and butane produced are n e a r l y e q u i v a l e n t , there 
i s a s u b s t a n t i a l discrepancy between the moles of methane and 
hexane as w e l l as between the moles o f ethane and pentane. I t i s 
i n e v i t a b l e that the f i r s t step i s to check the a n a l y s i s - any 
departure from s t o i c h i o m e t r y i s i n i t i a l l y i n c o n c e i v a b l e . But the 
a n a l y s i s i s c o r r e c t and t h i s i s where the i n t e r d i s c i p l i n a r y 
forces must come to the rescue - a b i l i t y t o understand what i s 
happening on the s u r f a c e and what i s the e f f e c t of the composition 
o f the surface upon the s e r i e s of r e a c t i o n s t h a t must take place. 
What i s happening has been very a p t l y named by P r o f e s s o r Burwell 
as "organometallic Zoo". This i s shown i n f i g u r e 1. I t i s the 
intermediate formation of b u t y l and propyl carbonium ions on the 
s u r f a c e which can then react w i t h adjacent h e p t y l carbonium ions 
to produce C^and carbonium ions. These can then s p l i t to 
give Cg and carbonium ions which are then hydrogenated o f f the 
surface. What does t h i s e x p lanation have to do w i t h the e f f o r t s 
o f the c h a r a c t e r i z a t i o n person? We can e a s i l y answer: "A great 
d e a l " . Somehow the s u r f a c e must al l o w f o r a d j o i n i n g occupancy or 
proper push-pull m i g r a t i o n . Furthermore, i t i s the extent of 
occupancy or c o n c e n t r a t i o n of hydrogenating s i t e s which, depending 
upon t h e i r d i s t a n c e from the carbonium ion h o l d i n g s i t e s , w i l l 
determine whether or not the s m a l l e r carbonium ions formed 
i n i t i a l l y w i l l be s a t u r a t e d immediately or be allowed to react 
w i t h h e p t y l ions on an a d j o i n i n g a c i d s i t e . 

Table 1 Hydrocracking of n-Heptane, 17.8% conversion 

Product D i s t r i b u t i o n , Mol% 

CH 4 0. ,2 C 6 H 1 4 4.3 
C 2 H 6 0. 2 C 5 H 1 2 9.6 
C 3 H 8 40. ,5 C 4 H 1 0 45.2 
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10 CHARACTERIZATION AND CATALYST DEVELOPMENT 

C 7 H 1 6 ? f°7 H15 + ^ + H 2 

C 7 H 1 5 + ~ * C 3 % + C 4 % + 

C
4

H 9 + # C 4 H 8 

C 7 H 1 5 + + C 4 H 8 * °11^3 + 

C 1 1 H 2 3 + * C 5 H 1 1 + + C 6 H 1 2 

Figure 1. Hydrocracking of n-heptane. 

I t i s obvious t h a t somehow the d i s t a n c e between the s i t e s of the 
same species and the d i s t a n c e between s i t e s of d i f f e r e n t species 
must be very important. In t h e i r e a r l y elegant work, Weisz and 
Swegler have s t u d i e d the e f f e c t of mechanically s e p a r a t i n g the 
s i t e s o f d i f f e r e n t species upon a r e a c t i o n which m e c h a n i s t i c a l l y 
r e q u i r e s the presence of a dual f u n c t i o n a l c a t a l y s t . The r e s u l t 
of t h e i r f i n d i n g s was that i f the p a r t i c l e s i z e of the two species 
was 5 Hm (or l e s s ) the dual f u n c t i o n a l i t y approached th a t of an 
impregnated c a t a l y s t . 

The c a t a l y s t d i a g n o s t i c i a n can j u s t i f i a b l y i n q u i r e i f the 
carbonium ion p a r t i c i p a t i o n and m i g r a t i o n by some push-pull 
mechanism i s the only mechanism on which c a t a l y s t c o n s t r u c t i o n can 
be based, or do we have some a l t e r n a t i v e s . Up to the present no 
a l t e r n a t i v e s have been published, however, the r e l a t i v e l y simple 
mechanism described above, can be modified i n that the i n i t i a l 
r e a c t i o n o f carbonium i o n formation can be a l s o looked upon as a 
two step process, whereby a p a r a f f i n i s f i r s t dehydrogenated and 
the r e s u l t i n g o l e f i n promptly forms a carbonium ion . The o v e r a l l 
r e s u l t i s the same. 

In some l a t e r work at UOP i t was shown tha t i n 
i s o m e r i z a t i o n and hydrocracking of normal decane the r e a c t i o n of 
hydrocracking c o u l d be v i r t u a l l y stopped i f one operates at very 
high pressures (up to 1500 atmospheres), however, as the pressure 
i s increased, i t i s the i s o m e r i z a t i o n r e a c t i o n which i s stopped 
l a s t . These r e s u l t s r e i n f o r c e the s e q u e n t i a l carbonium ion 
mechanism, wherein each transformation can be reversed by 
excessive hydrogen pressure. 

I t i s r e s u l t s of t h i s nature and obvious questions that 
r e i n f o r c e the importance of the i n t e r d i s c i p l i n a r y cooperation 
among the chemists and engineers i n v o l v e d i n new process 
development, c a t a l y s t p r e p a r a t i o n and c a t a l y s t c h a r a c t e r i z a t i o n . 
When species migrate across the c a t a l y s t s u r f a c e how can the 
t r a n s p o r t be f a c i l i t a t e d ? What i s the minimum number of a c t i v e 
s i t e s that must be present? Is there an ensemble, and, most 
importantly how uniform i s the s i z e and d i s t r i b u t i o n of such 
ensembles? The c a t a l y s t c h a r a c t e r i z a t i o n symposium to f o l l o w w i l l 
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1. HAENSEL & HAENSEL Catalyst Characterization in Process Development 

describe some of the most modern t o o l s f o r c a t a l y s t 
c h a r a c t e r i z a t i o n as w e l l as the newer concepts on metal support 
i n t e r a c t i o n , c a t a l y s t morphology, migra t i o n of a c t i v e s i t e s and 
t r a n s p o r t of r e a c t i n g species on the c a t a l y s t surface. Some 
f a s c i n a t i n g work has been done i n these areas and yet one of the 
most e l u s i v e and d i f f i c u l t tasks ahead i s to develop methods of 
c a t a l y s t p r e p a r a t i o n which w i l l increase s u b s t a n t i a l l y the 
turnover frequencies now observed i n most of our c a t a l y t i c 
processes. This i s where the r e a l l i n k between c a t a l y s t 
p r e p a r a t i o n and c a t a l y s t c h a r a c t e r i z a t i o n becomes most important. 

Part VII: Some Humorous R e c o l l e c t i o n s 

In the h i s t o r i c a l p a r t of t h i s p r e s e n t a t i o n we s t r e s s e d the 
importance of management support and management p a r t i c i p a t i o n i n 
b r i n g i n g together a r e a l team and making sure that a l l p l a y e r s 
perform. In our d i s c u s s i o n of "An even more r e a l world" we 
mentioned the f i r s t P l a t f o r m i n g u n i t and should have i n d i c a t e d 
that i t was through the f u l l support of Mr. David W. H a r r i s , UOP's 
Preside n t and CEO, that w i t h i n s i x months of our l a b o r a t o r y 
i n d i c a t i o n s of the p o t e n t i a l of the process more than f i f t y 
percent o f the e n t i r e R&D e f f o r t was put on the p r o j e c t . 

When i t was time to s t a r t the u n i t i n November 1949 the 
s e n i o r author o f t h i s paper had a c a l l from Mr. H a r r i s . I t went 
something l i k e t h i s : " V a l , t h i s i s David H a r r i s . Before you go to 
Old Dutch f o r the s t a r t - u p o f the P l a t f o r m i n g u n i t I would l i k e 
you to prepare a good s i z e d s p e c i a l c a t a l y s t sample to be put i n 
the c o n t r o l room. Let me know when you have i t ready." So the 
s e n i o r author d i d as he was t o l d and c a l l e d Mr. H a r r i s . He s a i d : 
" V a l , please put t h i s sample i n t o a h a l f - g a l l o n j a r , f i l l i t near 
the top and put on a screw cap, but don't s e a l i t . In a few weeks 
I p l an t o v i s i t Old Dutch and w i l l see the sample. I n c i d e n t a l l y , 
l a b e l i t UOP C a t a l y s t w i t h whatever number you wish to put on i t . " 

Upon Mr. H a r r i s ' r e t u r n the s e n i o r author r e c e i v e d another 
c a l l from him. " V a l , I am very pleased w i t h the way Old Dutch i s 
running; c o n g r a t u l a t i o n s t o you and your coworkers. We have had 
more i n t e r e s t e d v i s i t o r s than we expected. Strangely enough, the 
c a t a l y s t l e v e l i n the j a r appears to be very low; you might have 
to prepare another sample. By the way, d i d you c h a r a c t e r i z e t h i s 
c a t a l y s t ? " The s e n i o r author r e p l i e d : "Not r e a l l y , Mr. H a r r i s , 
only by input." The always cautious David H a r r i s then asked: 
"What i f i t r e a l l y works?" The s e n i o r author r e p l i e d : "Mr. 
H a r r i s , i f i t r e a l l y works, which we have not t r i e d , i t w i l l set 
the s c i e n c e of c a t a l y s i s e i t h e r ten years back or ten years 
forward, but I don't know which." David H a r r i s s a i d : ":That i s 
good enough f o r me - thanks again." 

In c o n c l u s i o n , a b i t of philosophy; people who have worked 
i n c a t a l y s t c h a r a c t e r i z a t i o n f i n d that there i s nothing more 
rewarding than observing the images from SEM and STEM r e v e a l i n g 
the a b s t r a c t beauty of symmetry as w e l l as l a c k of i t and, at the 
same time, r e c o g n i z i n g that what one observes are images of the 
force s which are b u s i l y lowering the a c t i v a t i o n energies. This i s 
one time where one cannot help but marvel at nature. 

R E C E I V E D January 26,1989 
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Chapter 2 

Rationale for Catalyst Characterization 

Kamil Klier 

Department of Chemistry, Lehigh University, Bethlehem, PA 18015 

This volume provides a good cross section of current effort aiming at the design 
and development of heterogeneous catalysts for desired, mostly industrially impor
tant, reactions and processes. The goal of virtually all catalysis research is to 
select, using ideas, hypotheses, previous empirical knowledge, and surface materials 
science, a catalyst that drives a desired reaction with minimum amount of side 
products economically, i.e., at high rates and with a long lifetime. What is 
sought in terms of scientific principles are "structure-function" relationships, selec
tive utilization of different "reaction channels," and chemical paths that give high 
overall reaction rates. The word "structure" implies both the local geometric 
arrangement of atoms in and around that portion of the catalyst surface (or 
pore) which is called the active site and, equally if not more importantly, the 
chemical nature of the active site that is determined by the energy levels, distri
bution, and symmetry of valence electrons, i.e., the "electronic structure." 
Further, the active sites co-exist with the rest of the surface and bulk of the 
heterogeneous catalyst, and there is keen interest in determining the relationship 
between the bulk, surface, and active site structure in any given catalytic system. 

Catalyst characterization thus has multiple tasks which must be linked 
together in order to understand why catalysts are active and selective. It has 
been recognized for some time that these tasks will be attacked successfully nei
ther by a single experimental tool nor cheaply in terms of professional standards 
and instrumentation requirements in research departments that deal with catalyst 
development. However, the payoffs are substantial. First, catalyzed processes are 
the backbone of petroleum and chemical industry and amount annually to trillion 
dollar business worldwide. Second, the science is at the forefront of materials 
science: where microelectronic devices currently have functional elements of 
micrometer to just submicrometer size, catalysts used in industrial practice have 
particles of nanometer size and active centers of molecular, i.e., subnanometer, 
size. Third, the fundamental issues of chemical reactivity appear most prom
inently in catalysis: how is the activation energy of a reaction lowered by bond
ing of intermediates to the catalyst, what are the conditions for channeling the 
energy released in an exothermic step into an endoenergetic step, making thereby 
the latter possible, and how can an undesirable side reaction be stopped by pro
viding a high barrier for it by a shape constraint or an increase of its activation 
energy. 

0097-6156/89/0411-0012$06.00/0 
o 1989 American Chemical Society 
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2. KLIER Rationale for Catalyst Characterization 13 

One of the important areas of catalyst characterization is to provide informa
tion on the bulk and surface properties in relation to the preparation methods, 
including precursors, calcined, prereduced, or otherwise pretreated catalysts. 
Other, no less important areas pertain to catalysts in their active working state 
and to post-mortem analysis of gradually or suddenly deactivated catalysts. There 
is no greater incentive for a rapid catalyst characterization than a 1,000-ton reac
tor making a $400,000/day product going down due to a catastrophic catalyst 
deactivation. 

Although both the laboratory and industrial scale materials science of 
catalysts requires an integrated approach as already mentioned above, it is cus
tomary to classify the characterization methods by their objects and experimental 
tools used. I will use the object classification and direct the introductory com
ments to analysis, primarily elemental and molecular surface analysis, determina
tion of geometric structure, approaches toward the determination of electronic 
structure, characterization by chemisorption and reaction studies, determination 
of pore structure, morphology, and texture, and, finally, the role of theory in 
interpreting the often complex characterization data as well as predicting reaction 
paths. 

Surface Analysis 

Commencing with surface analysis of catalysts, excellent tools are available, 
although few are used in a quantitative manner. Elemental surface analysis by 
Auger spectroscopy, XPS (ESCA), and SIMS is well established; in many cases 
the combination of core level XPS and Auger spectroscopy also gives information 
on the valence states of the elements present in the surface but often mono
chromatic X-ray sources must be used in XPS that are provided in-house by crys
tal monochromators (e.g., 1) or at synchrotron sites. Among the more advanced 
developments with increasing use in microelectronics surface materials science is 
the "small spot," or "imaging" ESCA (e.g., 2) that has now been pushed to some 
20 fim lateral resolution - still far from being useful in catalysis research for 
mapping the distribution of surface elements. 

Electron microscopy (EM), in particular in modern scanning transmission 
(STEM) instruments, has analytical resolution down to 1 nm, but within that 
lateral resolution, local bulk rather than surface analysis is provided. The semi
quantitative analytical capabilities are impressive: 10"14 g (small spot ESCA or 
SIMS), or 5 x 10"20 g (analytical STEM) of matter. 

Molecular species are analyzed with great sensitivity by temperature pro
grammed desorption (TPD) methods that employ detection by mass spectrometry, 
provided that the molecules desorb without decomposition in an accessible tem
perature range. Less sensitive is IR spectroscopy, which, however, has the advan
tage of analyzing molecular species and intermediates in the adsorbed state and is 
thus widely used for in situ analysis of adsorbates. In the experience of this 
writer, IR spectroscopy could be used in a quantitative manner upon careful cali
bration and proper use of optics in scattering media, but this is not routinely 
done. Also, not routinely exploited is the overtone and combination spectral 
region of 4,000-10,000 cm"1, which contains a wealth of information, particularly 
on hydrogen-containing adsorbates. Still lower sensitivity to adsorbed species is 
obtained in Raman spectroscopy, but its information content regarding the 
catalyst structure down to thin layers is significant. 
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14 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Surface science that is carried out under clean, ultrahigh-vacuum conditions 
utilizes with advantage the high resolution electron energy loss spectroscopy (HR 
EELS) that excels with its high sensitivity, but this technique does not match the 
energy resolution of IR or Raman spectroscopies. For adsorbates on real 
catalysts, therefore, the long time used IR spectroscopy, nowadays practiced 
almost exclusively in its Fourier transform mode (FTIR), is still the method of 
choice. 

Selective chemisorption methods have been used with success for the deter
mination of metal surface area and particle size in supported catalysts, and for 
titration of acid sites on silica-alumina and zeolite catalysts. The chemisorption 
methods are sometimes neglected in the quest for a more physical description of 
the catalyst surface, possibly with the penalty of missing an important and quanti
tative piece of information about the catalyst surface. 

Structural Analysis 

Structural analysis of catalysts relies on diffraction and selected spectroscopic 
methods. The fascination with zeolites, their shape selectivity, controlled acidity, 
and ion exchange behavior, no doubt arises from our knowledge of their struc
ture. A combination of X-ray crystallography and knowledge of chemical compo
sition and pore size allowed many zeolite and related phosphoaluminate struc
tures to be resolved even where these materials are not available as single crys
tals. Magic angle spinning solid state NMR made its impact in determining the 
order of aluminum and silicon, location of cations, and structures of intracavital 
sorption complexes. However, the most reliable structures are still obtained by 
diffraction on single crystals; a sufficient crystallite size for X-ray crystallography 
is 0.1 mm on edge. 

To obtain a first overall picture of a catalyst structure, X-ray powder diffrac
tion is perhaps the most commonly used method: crystalline phases are readily 
identified and particle sizes determined with some degree of accuracy. A difficult 
subject is that of "X-ray amorphous" materials, i.e., those not showing discernible 
powder pattern. Often the "X-ray amorphous" materials show good crystallinity, 
albeit of small particles, upon examination by electron diffraction in the electron 
microscope. The reason for this is that electron microscopy permits examination, 
in several modern instruments, of very small individual particles by convergent 
beam diffraction (CBD) or microdiffraction techniques on spots as small as 2 nm, 
thereby enhancing the signal-to-noise ratio of the diffracted beams and their 
observability. Even if the particles are "amorphous," electron scattering can in 
principle be analyzed for atomic positions by computer and optical simulation of 
the scattering patterns based on geometric models, comparison with the observed 
patterns, and refinement. Since multiple scattering phenomena play a non-
negligible role, the crystallography in the electron microscope (I am referring to 
methodology developed primarily by A. Klug and applied with success to biologi
cal molecules) is a sophisticated science; however, potential payoffs for catalysis 
have yet to materialize. 

A "direct" observation of individual atoms is achieved in atomic resolution 
transmission electron microscopes (AR-TEM), in the scanning tunneling micro
scope (STM), and in the atomic force microscope (AFM) (3, 4). While A R - T E M 
are large machines with very high voltage (6 x 105 to 106 volts) applied to an 
electron-transparent small object, STM and A F M are small devices with ultrasen
sitive tip positioning mechanics that is suited for flat or near-flat objects and will 
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2. KLIER Rationale for Catalyst Characterization 15 

initially likely make inroads in studies of model, rather than real microdispersed, 
catalysts. 

A method that yields local structural information is EXAFS which utilizes 
the scattering of photoelectrons emitted from specific atomic core levels for 
determining the interatomic distances and counting the near neighbors (but does 
not determine the directions between the emitting atom and its neighbors). 

In a related development, the feasibility of determining local structures in 
ESCA has been demonstrated utilizing both photoelectron diffraction and the 
so-called forward-directed-focusing (FDF). The FDF utilizes photoelectrons emit
ted from subsurface atoms as a spherical wave that is refocused by the positive 
potential of neighboring surface atoms, giving rise to angular peaks whose posi
tions are independent of the incident X-ray wavelength and uniquely determine 
the relative positions of the surface and subsurface atoms (5, 6). As imaging 
ESCA makes further advances, it is expected that FDF will be used for structure 
determination in the imaged areas. 

The low energy electron diffraction (LEED) crystallography is also a method 
where multiple scattering is not negligible (although it is often neglected), and 
the resolved structures of single crystal surfaces have been summarized in a pack
age available for microcomputers (7). Among spectroscopic tools applied to 
structural analysis, FTIR is routinely used for both bulk structure and identifica
tion of adsorbates. Laser Raman spectroscopy is a less widely used but neverthe
less an outstanding tool for resolving structures of oxides; in the laser Raman 
microprobe, where the laser source light is passed through an optical microscope, 
a lateral resolution of the order of 1 /im is obtained. A particularly successful 
characterization of titanias, vanadias, molybdenas, rhenias, hydroxycarbonates, and 
other inorganic catalysts and precursors has been made by laser Raman spectros
copy. 

Electronic Structure 
Electronic structure of catalysts and their active sites is the subject of a number 
of experimental and theoretical investigations. In fact, all experiments that probe 
into the electronic structure are critically dependent on theoretical interpretation 
based on quantum mechanics. Among the electron spectroscopies, XANES (or 
NEXAFS) deals with core-level-to-excited valence level transitions, and a good 
theory is required for the understanding of the upper states, the core levels being 
simpler. Currently the scattered wave X-a (SWXa) method originated by Slater 
is most widely used for interpreting the XANES spectra (8). UPS and valence 
band XPS deal with electron transitions from highest occupied levels to vacuum 
and probe the energies, densities of states, and symmetries of valence bands of 
solids including catalysts. Optical transitions usually occur between the highest 
occupied and lower unoccupied levels, such as the d-d excitations in transition 
metal oxides and aluminosilicates (9), valence band-to-conduction band transitions 
in oxides and sulfides, and intraband transitions in metals. EPR and magnetic 
moment measurements determine the spin and orbital momentum in catalytic 
compounds and have been used to resolve the ground states of sorption and 
catalytic centers and their association with molecules. Spin-polarized XPS 
resulted in discovering surface ferromagnetism in otherwise diamagnetic metals 
such as chromium. 

Reactor Studies 
In all of the catalyst characterization techniques, reactor studies have a central 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

2



16 CHARACTERIZATION AND CATALYST DEVELOPMENT 

role in that they determine whether a catalyst or a class of catalysts is worthy of 
a detailed structural and surface analysis. The results of characterization in turn 
provide feedback for improved preparation of the catalysts. Examination of a 
catalyst by E M often reveals which preparation methods ensure the desired fine 
and uniform dispersion of metal particles on the support, surface analysis unrav
els the presence of impurities that may accumulate from both the bulk of the 
catalyst and the gas or liquid phase, and chemisorption methods determine 
whether all metal particles seen in the electron microscope are accessible to reac-
tants. Pore structure analysis that is usually obtained by sorption methods allows 
engineers to estimate whether the catalyst works in kinetic or mass transfer lim
ited regime. Hardness and attrition resistance tests are useful predictors of the 
durability of a catalyst in fluid beds. 

Summary 
It is evident from the above discussion that catalyst characterization is an activity 
important for scientific understanding, design, and troubleshooting of catalyzed 
processes. There is no universal recipe as to which characterization methods are 
more expedient than others. In the opinion of the writer, we will see continued 
good use of diffraction methods and electron microscopy, surface analysis, IR 
spectroscopy, and chemisorption methods, increased use of combined E M and 
ESCA analyses for determining the dopant dispersion, increased use of MAS-
NMR and Raman spectroscopies for understanding of solid state chemistry of 
catalysts, and perhaps an increased use of methods that probe into the electronic 
structure of catalysts, including theory. 

Science of catalysts has much to learn from materials science of metals, 
alloys, ceramic materials, and semiconducting materials. In turn, because catalytic 
science is practiced on a molecular nanostructure and surface submonolayer scale, 
it is one that is at the cutting edge of materials science in general and will no 
doubt have its impact on the technology of new, catalytic and non-catalytic 
materials. This symposium volume demonstrates that the field is well and alive 
and that progress toward a scientific catalyst design is substantial. 
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Chapter 3 

Relationship Between Catalyst Preparation 
and Characterization 

Stephen D. Griffith 

Katalistiks International, 1501 Sulgrave Avenue, Baltimore, M D 21209 

Catalytic processes are used throughout the world as an integral 
part of an industrial ized nation's economy. Commercial use of cata
lysts in the United States during 1987 was well over $1.5 billion 
dollars and is expected to approach $2 billion by 1992 (1). Just 
over one third of this is used by the petroleum industry with the 
remaining two-thirds shared among the chemical, automotive, and pol 
lution control industries. Of the $590 mil l ion dollars spent on 
petroleum catalysts in 1987, about $270 mil l ion were spent on cata
lytic cracking, $175 mil l ion for alkylation, $75 mil l ion for hydro-
treating and $70 mil l ion sp l i t among hydrocracking, reforming, and 
isomerization. With the exception of alkylation catalysts (HF and 
H2SO4), all are specialty heterogenous catalysts designed spec i f i 
ca l ly for use in a particular process. A recent survey (2) l i s ted 
nearly 1000 different catalysts available from 31 suppliers. Nine
ty-four new or modified catalysts were introduced during 1987 and 
half of these were f lu id catalytic cracking (FCC) catalysts while 
hydrocracking accounted for another 21 new entries. 

All of this act iv i ty in the commercial marketplace is a direct 
result of act iv i ty at research and development organizations around 
the world. In the past, much of the demand for new petroleum cata
lysts was fueled by market conditions, price and ava i lab i l i ty of 
feedstocks, and price/demand of end products. For example, higher 
crude oil prices in the seventies, led refiners to process more re
sidual stocks, thereby placing greater demands on FCC and HDS (hy-
drodesulfurization) catalysts. In the eighties, the crude oil p r i 
ces have eased, however federally mandated reductions in lead con
tent of gasoline have spurred research into improved octane cata
lysts . In addition, many areas of the world have imposed l imits 
upon SOx and NOx emissions. While these pollutants can be removed 
from exhaust gas streams using wet gas scrubbers, a catalyt ic ap
proach is desireable since i t does not usually involve major capital 
investment and subsequent high operating costs. 

Preparation and characterization of petroleum catalysts each 
utilize an extremely wide variety of tools, techniques, and technol
ogies, which must be carefully combined to achieve success. Not 
only must the catalyst preparation personnel understand the s i g n i f i -

0097-6156/89/0411-0017S06.00/0 
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18 CHARACTERIZATION AND CATALYST DEVELOPMENT 

cance and r e l i a b i l i t y of the c h a r a c t e r i z a t i o n t e s t s , but the people 
performing the c h a r a c t e r i z a t i o n s t u d i e s must a l s o know why and how 
the va r i o u s c a t a l y s t s were made. In t h i s way, d e f i c i e n c i e s i n meth
ods or s t r a t e g i e s can be recognized at an e a r l y stage, and c o r r e c t e d 
before unnecesseary t e s t s are performed, or worse, a research pro
gram terminated prematurely due to negative r e s u l t s . 

CATALYST PREPARATION 

C a t a l y s t p r e p a r a t i o n w i l l be discussed only b r i e f l y , s i nce the de
t a i l s are considered most p r o p r i e t a r y and are outside the scope of 
t h i s paper. I t i s t h i s a r t i n preparing c a t a l y s t t h a t separates a 
commercially v i a b l e process from a research program. In ge n e r a l , 
n e a r l y a l l heterogenous petroleum c a t a l y s t s c o n s i s t of a support or 
matrix and one or more a c t i v e components incorporated into/onto the 
support. Thus the manufacturing process may be as simple as "impreg
n a t i o n " of a s i n g l e component onto a p r e v i o u s l y formed support or as 
complex as blending a v a r i e t y of components, forming t o d e s i r e d 
shapes, and f u r t h e r p r o c essing t o achieve s p e c i a l c h a r a c t e r i s t i c s 
and performance. The simple scheme i s e x e m p l i f i e d by combustion pro
moters i n which a platinum s o l u t i o n i s added to a spray d r i e d or 
ground alumina support, u n t i l the alumina pores are nea r l y f i l l e d . 
The complex system, on the other hand, i s probably best e x e m p l i f i e d 
by the FCC c a t a l y s t manufacturing process. Here, the support, usu
a l l y c l a y mixed with e i t h e r an alumina (see Secor and LIM patents, 
3a, b, c) or s i l i c a binder (see E l l i o t and Ostermaier p a t e n t s , 4a, 
b_£ c ) , i s blended w i t h the a c t i v e component(s) and spray d r i e d . 
F o l l o w i n g spray drying steps, the m a t e r i a l can be f u r t h e r improved 
by exchanging the z e o l i t e component w i t h v a r i o u s c a t i o n s depending 
upon d e s i r e d performance. 

As might be expected, f i n i s h e d c a t a l y s t shapes are d i c t a t e d by 
the process f o r which they are used; f i x e d bed, moving bed, or f l u -
i d i z e d bed. Each process type has i t s own p h y s i c a l performance r e 
quirements of hardness, abrasion r e s i s t a n c e , pressure drop, flow 
c h a r a c t e r i s t i c s , pore s i z e d i s t r i b u t i o n , surface area, shape, e t c . , 
and these are g e n e r a l l y s u p p l i e d by the support. The a c t i v e compo
nent i s p r i m a r i l y r e s p o n s i b l e f o r the c a t a l y t i c performance, when i t 
i s p r o p e r l y d i s p e r s e d throughout the support. 

CATALYST CHARACTERIZATION 

C h a r a c t e r i z a t i o n , as i t a p p l i e s t o c a t a l y s t s cience, i s u s u a l l y used 
to d escribe both the performance c h a r a c t e r i s t i c s ( e v a l u a t i o n ) and 
the p h y s i c a l a t t r i b u t e s (analyses) of the m a t e r i a l s under i n v e s t i g a 
t i o n . Personnel i n v o l v e d i n c a t a l y s t e v a l u a t i o n u t i l i z e custom de
signed equipment t o determine the performance of a c a t a l y s t i n a 
p a r t i c u l a r process. The design of the equipment t y p i c a l l y f o l l o w s 
t h a t of the process, but on a much smalle r l a b o r a t o r y s c a l e . These 
sim u l a t i o n s attempt t o "mimic" the process, or p a r t s of the process, 
and as such the data generated are r e l a t i v e not only to the process 
but t o the t e s t equipment and c o n d i t i o n s (see Dartzenburg). Conver
s i o n , a c t i v i t y , s t a b i l i t y , abrasion r e s i s t a n c e , crush s t r e n g t h , e t c . 
are terms o f t e n encountered i n e v a l u a t i o n . A n a l y s i s , on the other 
hand, describes or measures the p h y s i c a l q u a n t i t i e s of s i z e or mat-
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3. GRIFFITH Catalyst Preparation and Characterization 19 

t e r . T h e o r e t i c a l l y , these measurements should be t o t a l l y indepen
dent of the m a t e r i a l being t e s t e d or the methods used i n t h e i r de
te r m i n a t i o n ; however, i n p r a c t i c e , t h i s i s r a r e l y the case. Elemen
t a l a n a l y s i s , surface area, p a r t i c l e s i z e , d e n s i t y , e t c . are t e s t s 
used i n a n a l y t i c a l c h a r a c t e r i z a t i o n . 

E v a l u a t i o n techniques and equipment are as v a r i e d as the i n d i 
v i d u a l c a t a l y t i c processes themselves. The long term goal of c a t a 
l y s t e v a l u a t i o n i s t o reduce the s i z e of the t e s t i n g equipment con
s i s t e n t w i t h r e l i a b l e and accurate data as i t r e l a t e s t o the commer
c i a l process. I n v a r i a b l y , the f a r t h e r removed i n p h y s i c a l s i z e the 
process s i m u l a t i o n a t t a i n s , the more l i k e l y t h a t e r r o r s w i l l be 
introduced which can a f f e c t data accuracy, accuracy being d e f i n e d as 
commercial observations. In a d d i t i o n , smaller equipment s i z e a l s o 
places l e s s demand on the p h y s i c a l i n t e g r i t y of a c a t a l y s t p a r t i c l e ; 
t h e r e f o r e , a d d i t i o n a l t e s t methods have been developed to simulate 
these performance c h a r a c t e r i s t i c s . Despite these very important 
l i m i t a t i o n s , l a b o r a t o r y r e a c t o r s f u l l y e i g h t orders of magnitude 
(100 m i l l i o n times) smaller are r o u t i n e l y used i n research l a b o r a 
t o r i e s by both c a t a l y s t manufacturers and petroleum r e f i n e r s . 

Smaller r e a c t o r s i z e reduces the c o s t , improves c o n t r o l , and 
i s o l a t e s process v a r i a b l e s , however, e f f e c t s of c a t a l y s t aging/deac-
t i v a t i o n as a f u n c t i o n of time are not s i m i l a r l y reduced. These 
e f f e c t s can be a c c e l e r a t e d i n the l a b o r a t o r y environment by i n 
creased temperature, water p a r t i a l pressure, contaminant gas p a r t i a l 
p ressure, and v a r i o u s contaminant metals. As w i t h s c a l e d down 
equipment, these e f f o r t s are not without problems, however, when 
some c a t a l y s t l i f e t i m e s are measured i n years, t h i s i s the onl y 
v i a b l e s o l u t i o n t o meaningful c a t a l y s t research and development. 
This type of t e s t i n g , coupled w i t h c h a r a c t e r i z a t i o n , has r e s u l t e d i n 
FCC c a t a l y s t s w i t h l e s s r e s i s t a n c e t o coking and thus longer s e r v i c e 
l i f e . 

Most c a t a l y s t manufacturers, because of t h e i r extensive data 
bases c o r r e l a t e d t o a c t u a l o p e r a t i o n s , possess the a b i l i t y t o t e s t 
new c a t a l y s t formulations u s i n g s e v e r a l s c a l e s of e v a l u a t i o n equip
ment. These range from very small s c a l e pulse type r e a c t o r s u s i n g 
l e s s than a gram of c a t a l y s t , t o l a b o r a t o r y p i l o t p l a n t s u s i ng 
s e v e r a l kilograms of c a t a l y s t . Thus, i t i s p o s s i b l e t o perform many 
c a t a l y s t screening t e s t s i n a r e l a t i v e l y short time w i t h s m a l l 
amounts of m a t e r i a l (a n e c e s s i t y f o r most b a s i c research programs). 
As the development of a c a t a l y s t continues, the s c a l e of t e s t i n g can 
be increased u n t i l s u f f i c i e n t data e x i s t t o warrant commercializa
t i o n , w i t h subsequent t e s t i n g i n a commercial process - the u l t i m a t e 
e v a l u a t i o n . 

A n a l y t i c a l c h a r a c t e r i z a t i o n i n c l u d e s measurement of absolute 
s i z e s and concentrations of species present i n the c a t a l y s t . For 
the purpose of c l a r i t y , these techniques have been organized, s t a r t 
i n g w i t h the bulk macroscopic p r o p e r t i e s , down t o the component, 
microscopic f e a t u r e s . The un d e r l y i n g g o a l of a n a l y t i c a l c h a r a c t e r i 
z a t i o n i s to provide i n f o r m a t i o n about the sample which w i l l a l l o w 
research personnel t o r e l a t e the p r o p e r t i e s measured t o some aspect 
of a c a t a l y s t ' s performance, e i t h e r i n the f i e l d or i n the evalua
t i o n l a b o r a t o r y . Macroscopic c h a r a c t e r i z a t i o n i n c l u d e s both chemi
c a l compositions and p h y s i c a l p r o p e r t i e s such as p a r t i c l e s i z e , den
s i t y and t o t a l surface area. Chemical a n a l y s i s techniques are w e l l 
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20 CHARACTERIZATION AND CATALYST DEVELOPMENT 

known and three predominate i n p r a c t i c a l c a t a l y s t t e s t i n g ; atomic 
absorption spectroscopy (AAS), i n d u c t i v e l y coupled plasma spectros
copy (ICP) and x-ray fluorescence spectroscopy (XRF). Each has i t s 
own p a r t i c u l a r strengths and are g e n e r a l l y considered complimentary 
methods, t h a t i s , where one i s weak another may be p a r t i c u l a r l y 
strong. 

P h y s i c a l measurements of s i z e , shape, and d e n s i t y are very 
important to c a t a l y s t performance, however, they do not seem t o be 
s t u d i e d as o f t e n as other p r o p e r t i e s ; perhaps because the instrumen
t a t i o n needed i s u s u a l l y not very complex, or the p r o p e r t i e s are 
h i g h l y process dependent. S i z e measurement techniques vary depen
ding upon s i z e s and shapes of p a r t i c l e s to be measured. Larger 
extrudates can be measured d i r e c t l y w i t h micrometers or c a l i b r a t e d 
l i g h t microscopes. Sizes of l a r g e s p h e r i c a l m a t e r i a l s are best 
determined by screen or sieve a n a l y s i s ; dry screens being s u i t a b l e 
f o r s i z e s above 40 microns diameter and wet screens p r e f e r r e d f o r 
s i z e s below 40 microns. As s i z e s become s m a l l e r , commercial equip
ment using a v a r i e t y of l i g h t s c a t t e r i n g , sedimentation, r e s i s t a n c e 
zone techniques, and image a n a l y s i s , are a v a i l a b l e . The l a t t e r , 
p a r t i c l e image a n a l y s i s (PIA), provides not only p a r t i c l e s i z e i n 
formation but i n f o r m a t i o n on p a r t i c l e morphology as w e l l . This i n 
formation i s very important i n understanding t r a n s p o r t , c a t a l y s t 
l o a d i n g , and movement w i t h i n a p a r t i c u l a r u n i t . FCC c a t a l y s t s , f o r 
example, are c i r c u l a t e d through t h e i r r e s p e c t i v e hardware at r a t e s 
as high as 2000 pounds per second! 

Nitrogen p h y s i s o r p t i o n methods f o r t o t a l surface area (BET), 
and more r e c e n t l y macropore surface area determination ( t - p l o t ) are 
used to q u a n t i f y r e l a t i o n s h i p s of the amount and type ( z e o l i t e , 
matrix) of surface present. Nitrogen and mercury pore s i z e d i s t r i 
b u t i o n (NPSD & HGPSD) are used to determine s i z e s of pores w i t h i n 
the c a t a l y s t . Bulk, p a r t i c l e , and s k e l e t a l d e n s i t i e s can be mea
sured w i t h standard volumetric apparatus or more r e c e n t l y w i t h so
p h i s t i c a t e d pychnometers using helium as a f i l l gas. 

The next stage of c h a r a c t e r i z a t i o n focuses upon the d i f f e r e n t 
phases present w i t h i n the c a t a l y s t p a r t i c l e and t h e i r nature. Bulk, 
component s t r u c t u r a l i n f o r m a t i o n i s determined p r i n c i p a l l y by x-ray 
powder d i f f r a c t i o n (XRD). In FCC c a t a l y s t s , f o r example, XRD i s 
used to determine the u n i t c e l l s i z e of the z e o l i t e component w i t h i n 
the c a t a l y s t p a r t i c l e . The z e o l i t e u n i t c e l l s i z e i s a f u n c t i o n of 
the number of aluminum atoms i n the framework and has been r e l a t e d 
to the coke s e l e c t i v i t y and octane performance of the c a t a l y s t i n 
commercial operations. Scanning e l e c t r o n microscopy (SEM) can pro
v i d e i n f o r m a t i o n about the d i s t r i b u t i o n of c r y s t a l l i n e and chemical 
phases gr e a t e r than lOOnm w i t h i n the c a t a l y s t p a r t i c l e . D i f f e r e n 
t i a l chermal a n a l y s i s (DTA) and thermogravimetric a n a l y s i s (TGA) can 
be used t o o b t a i n i n f o r m a t i o n on c r y s t a l t r a n s f o r m a t i o n s , decomposi
t i o n , or chemical r e a c t i o n s w i t h i n the p a r t i c l e s . Cotterman, et a l 
describe how the generation of t h i s i nformation can be used t o 
understand an FCC c a t a l y s t system. 

M i c r o a n a l y t i c a l methods are used to move f u r t h e r down i n the 
c h a r a c t e r i z a t i o n s c a l e . X-ray photoelectron spectroscopy (XPS or 
ESCA), (see B a r r ) ; Auger e l e c t r o n spectroscopy (AES), and secondary 
ion mass spectroscopy (SIMS) as presented by Leta f o r imaging FCC 
c a t a l y s t s , are surface a n a l y s i s techniques p r o v i d i n g chemical analy-
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3. GRIFFITH Catalyst Preparation and Characterization 21 

s i s and bonding in f o r m a t i o n from the upper 1 to 20 atomic l a y e r s . 
Transmission e l e c t r o n microscopy (TEM, STEM) can provide both s t r u c 
t u r a l and chemical a n a l y s i s w i t h r e s o l u t i o n s t o lnm (see Targos and 
B r a d l e y ) . 

The f i n a l l e v e l i s the c h a r a c t e r i z a t i o n of the atomic and/or 
a c t i v e species present. A v a r i e t y of techniques e x i s t and can be 
d i v i d e d i n t o two areas, noninvasive, and use of a "probe" molecule 
w i t h subsequent a n a l y s i s . Examples of the former are magic angle-
spinning nuclear magnetic resonance (MASNMR) as discussed by Welsh 
and Lambert, e l e c t r o n s p i n resonance (ESR), and extended x-ray ab
s o r p t i o n edge f i n e s t r u c t u r e (EXAFS) as used by Woolery. The NMR 
techniques analyze the nuclear environment of the t a r g e t atom which 
can lead t o ^ o c a t i o n of atoms w i t h i n a c r y s t a l l a t t i c e . For exam
p l e , using S i MASNMR, one can estimate how alumina atoms are d i s 
t r i b u t e d throughout the f a u j a s i t e framework. This i n f o r m a t i o n a i d s 
i n understanding the c a t a l y s t ' s performance since the c r a c k i n g ac
t i v i t y and s e l e c t i v i t y are d i r e c t l y r e l a t e d to the t e t r a h e d r a l a l u 
mina s i t e w i t h i n the z e o l i t e s t r u c t u r e . ESR and EXAFS are d i r e c t e d 
at the e l e c t r o n s of a s p e c i f i c element and can i d e n t i f y c o o r d i n a t i o n 
numbers and i n t e r a t o m i c d i s t a n c e s . Tests such as chemisorption, 
i n f r a r e d spectroscopy ( I R ) , and temperature programmed desorption 
(TPD) using "probe" molecules are u s e f u l i n measuring a c i d s i t e den
s i t y and d i s t r i b u t i o n . Use of chemisorption techniques such as 
these, can y i e l d i n f o r m a t i o n about the nature of the a c i d i c reac
t i o n ; the s t r e n g t h and d i s t r i b u t i o n of the a c t i v e s i t e s are funda
mental t o understanding c a t a l y s t performance now, and f o r designing 
new systems f o r the f u t u r e . P e r i , and M i e v i l l e and Reichmann 
describe these techniques i n g r e a t e r d e t a i l . 

CATALYST TESTING PROGRAM 

While c a t a l y s t t e s t i n g programs at v a r i o u s l a b o r a t o r i e s d i f f e r i n 
d e t a i l s and execution, c e r t a i n fundamental t e s t s performed are very 
s i m i l a r . A t y p i c a l f l u i d c a t a l y t i c c r a c k i n g c a t a l y s t t e s t i n g labo
r a t o r y must provide a method f o r determining the a c t i v i t y and s e l e c 
t i v i t y of the c a t a l y s t of i n t e r e s t . The m i c r o - a c t i v i t y t e s t (MAT) 
i s used f o r t h i s and i s described i n d e t a i l i n American S o c i e t y f o r 
T e s t i n g and M a t e r i a l s (ASTM) method D-3907. The b a s i c D-3907 t e s t 
has been extended by most e v a l u a t i o n l a b o r a t o r i e s t o i n c l u d e d i f f e r 
ent feedstocks, operating c o n d i t i o n s , and analyses i n order t o pre
d i c t most commercial FCC product y i e l d s . While q u a n t i t a t i v e e s t i 
mates are d i f f i c u l t to i n t e r p r e t from such small s c a l e experiments, 
the general d i r e c t i o n or trends i n product y i e l d s , g a s o l i n e , coke, 
l i g h t gas, e t c . , are e a s i l y d i s c e r n i b l e . 

As mentioned p r e v i o u s l y , a t t r i t i o n t e s t i n g i s performed i n a 
v a r i e t y of equipment designed t o simulate the c o n d i t i o n s e x i s t i n g 
w i t h i n an o p e r a t i n g u n i t . For FCC c a t a l y s t s , t h i s means high v e l o c 
i t y t r a n s p o r t , t h e r e f o r e the apparatus used c o n s i s t s of a high ve
l o c i t y a i r j e t , at or near sonic v e l o c i t y , d i r e c t e d i n t o the c a t a 
l y s t bed. Such a c t i o n generates f i n e p a r t i c l e s ( l e s s than 20 
microns) and these "new" f i n e s are measured over a f i x e d time 
p e r i o d . Higher numbers i n d i c a t e a s o f t e r product which g e n e r a l l y 
would give correspondingly higher l o s s e s i n a c t u a l o p e r a t i o n . 
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22 CHARACTERIZATION AND CATALYST DEVELOPMENT 

X-ray d i f f r a c t i o n i s used t o q u a n t i f y the c r y s t a l l i n e species 
such as z e o l i t e , alumina, and k a o l i n i n raw m a t e r i a l s and f i n i s h e d 
products. Such inform a t i o n i s used not only by research s c i e n t i s t s , 
but a l s o by q u a l i t y assurance personnel during the manufacturing 
process. Changes i n any of these m a t e r i a l s can a f f e c t the c a t a 
l y s t s ' performance and c o s t , t h e r e f o r e they must be p r e c i s e l y 
c o n t r o l l e d . 

Because FCC c a t a l y s i s i s a surface r e a c t i o n , n i t r o g e n p h y s i -
s o r p t i o n and mercury p o r i s i m e t r y are widely used t o measure the 
d i s t r i b u t i o n of surface area and pore volume w i t h i n the FCC c a t a 
l y s t . By u s i n g n i t r o g e n adsorption techniques f o r example, i t i s 
p o s s i b l e to d i s t i n g u i s h between micro- and macropores. Since zeo
l i t e s f a l l w i t h i n the micropore r e g i o n , using t h i s technique i n con
j u n c t i o n w i t h s u i t a b l e standards, can q u a n t i f y the amount of z e o l i t e 
present. This i s p a r t i c u l a r l y h e l p f u l when l o o k i n g at hydrothermal-
l y d e a c t i v a t e d samples i n which both the z e o l i t e and matrix have 
been p a r t i a l l y destroyed. In a d d i t i o n , as r e s i d u a l feedstocks 
(higher molecular weight) become more widely used, the s i z e of the 
"access" pores becomes important since molecular s i z e increases w i t h 
molecular weight. A l s o , along with the heavier o i l s , the contami
nant metals, notably n i c k e l and vanadium, w i l l d esposit on the c a t a 
l y s t along w i t h a d d i t i o n a l coke, f u r t h e r reducing the s i z e of the 
pores; therby denying access t o the l a r g e o i l molecules. 

Other important p h y s i c a l measurements are bulk d e n s i t i e s used 
to estimate hopper contents and c i r c u l a t i o n f a c t o r s , and p a r t i c l e 
s i z e a n a l y s i s . The c o r r e c t d i s t r i b u t i o n of f i n e p a r t i c l e s (30 - 180 
microns) i s e s s e n t i a l to proper f l u i d i z a t i o n and t r a n s f e r w i t h i n the 
FCC u n i t . G e n e r a l l y , p a r t i c l e s l e s s than 30 microns are l o s t t o the 
atmosphere or f i n e s recovery system and are destined f o r a l a n d f i l l . 
I f the c a t a l y s t i s too coarse, i t may not c i r c u l a t e through the 
u n i t , n e c e s s i t a t i n g a shutdown. Both problems are c o s t l y t o the 
r e f i n e r and must be avoided. In a d d i t i o n , observation of p a r t i c l e 
s i z e d i s t r i b u t i o n changes at v a r i o u s p o i n t s w i t h i n the u n i t can p i n 
p o i n t equipment malfunctions t h a t might otherwise go undetected. 

Bulk chemical a n a l y s i s i s used during manufacturing t o deter
mine the l e v e l of z e o l i t e i o n exchange and e f f e c t i v e n e s s of subse
quent washing procedures. I t i s a l s o u s e f u l t o v e r i f y the c o r r e c t 
component f o r m u l a t i o n . For example, r a r e earth oxides, when ex
changed i n t o the z e o l i t e s t r u c t u r e , g e n e r a l l y produce a more a c t i v e 
and g a s o l i n e s e l e c t i v e c a t a l y s t . Increased r a r e e a r t h , however, 
a l s o lowers g a s o l i n e octane by promoting hydrogen t r a n s f e r reac
t i o n s . Thus, the amounts of rare e a r t h elements are a d e l i c a t e 
balance between g a s o l i n e production and octane requirements, w i t h 
each r e f i n e r y operating at d i f f e r e n t l e v e l s depending upon t h e i r 
economic requirements. In the f i e l d , v a r i o u s metals are deposited 
on the c a t a l y s t depending upon the o p e r a t i o n . Accurate and p r e c i s e 
a n a l y t i c a l work can again p i n p o i n t problems. For example, n i c k e l 
and vanadium present i n the o i l , w i l l d esposit q u a n t i t a t i v e l y on the 
c a t a l y s t . Simultaneous changes i n the l e v e l of both metals wi t h 
t h e i r r a t i o remaining constant i s an i n d i c a t i o n that c a t a l y s t 
a d d i t i o n s have changed. I f on the other hand, the r a t i o Ni:V has 
changed, then a d i f f e r e n t feedstock was probably r e s p o n s i b l e . 
Appearance of other elements can s i g n a l problems as w e l l ; sodium 
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3. GRIFFITH Catalyst Preparation and Characterization 23 

i n d i c a t e s a d e s a l t e r may be a problem, whil e increases i n l e a d means 
leaded g a s o l i n e i s f i n d i n g i t s way t o the FCC u n i t . 

The foregoing t e s t s are a p p l i e d t o each sample returned t o the 
c a t a l y s t vendor from a customer's u n i t . Since the operatio n of an 
FCC u n i t i s very dynamic, response time i s c r i t i c a l , and data i s 
ge n e r a l l y a v a i l a b l e from the manufacturer's l ab two to f i v e days 
f o l l o w i n g r e c e i p t of sample. Most of the a n a l y t i c a l and some of the 
ev a l u a t i o n t e s t s are a l s o performed as a f u n c t i o n of the manufactur
in g q u a l i t y c o n t r o l l a b o r a t o r y , but response times are measured i n 
minutes, not days. P r e s e n t l y , many of the c h a r a c t e r i z a t i o n t e s t s 
discussed i n the previous s e c t i o n are not e s s e n t i a l , however, they 
provide a d d i t i o n a l understanding i n the very complex areas of c a t a 
l y s t research. Much of today's r o u t i n e t e s t i n g was thought t o be 
e i t h e r too complex, c o s t l y , or time consuming j u s t a decade ago. 

SUMMARY 

As can be seen, the f i e l d of c a t a l y s t c h a r a c t e r i z a t i o n makes exten
s i v e use of most a v a i l a b l e chemical t e s t i n g methodologies, and r e 
qui r e s the cooperation and c o l l a b o r a t i o n of many d i f f e r e n t people t o 
be s u c c e s s f u l . Due to the complexity of c a t a l y s t p r e p a r a t i o n and 
use, i t i s not s u r p r i s i n g t h a t d i f f e r e n t l a b o r a t o r i e s have developed 
d i f f e r e n t methods and procedures to measure the same property. 

Indeed, i t i s e n t i r e l y p o s s i b l e t o o b t a i n a competitive edge by 
possessing a method or technique t h a t b e t t e r p r e d i c t s t r u e 
commercial c a t a l y s t performance. As c a t a l y s t t e s t i n g matures and 
computerized instrumentation improves, the " a r t " of c a t a l y s t 
manufacturing i s slowly y i e l d i n g to science. 
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Chapter 4 

Relationship Between Structure and Catalytic 
Performance of Dealuminated Y Zeolites 

R. L . Cotterman, D. A. Hickson, and M. P. Shatlock 

W. R. Grace and Company, Washington Research Center, 
Columbia, M D 21044 

Dealuminated Y zeolites which have been prepared by 
hydrothermal and chemical treatments show differences 
in catalytic performance when tested fresh; however, 
these differences disappear after the zeolites have 
been steamed. The catalytic behavior of fresh and 
steamed zeolites is direct ly related to zeolite 
structural and chemical characteristics. Such 
characteristics determine the strength and density of 
acid sites for catalyt ic cracking. Dealuminated 
zeolites were characterized using X-ray di f fract ion, 
porosimetry, solid-state NMR and elemental analysis. 
Hexadecane cracking was used as a probe reaction to 
determine catalytic properties. Cracking act iv i ty was 
found to be proportional to total aluminum content in 
the zeol ite . Product se lect ivi ty was dependent on unit 
cell size, presence of extraframework alumina and 
spatial distribution of active s ites. The results from 
this study elucidate the role that zeolite structure 
plays in determining catalytic performance. 

Dealuminated Y z e o l i t e s are widely used commercially i n f l u i d 
c r a c k i n g c a t a l y s t s to produce high-octane gasoline-range p r o d u c t s ( l ) . 
Various methods of pr e p a r a t i o n of dealuminated z e o l i t e s can l e a d to 
m a t e r i a l s w i t h a range of d i f f e r e n t s t r u c t u r a l and chemical 
c h a r a c t e r i s t i c s ( 2 ) . These c h a r a c t e r i s t i c s p l a y a key r o l e i n 
determining a c t i v i t y and s e l e c t i v i t y d uring c a t a l y t i c c r a c k i n g . 
S t r u c t u r a l features such as u n i t c e l l s i z e , presence of 
extraframework m a t e r i a l , p o r e - s i z e d i s t r i b u t i o n , and a c t i v e s i t e 
s p a t i a l d i s t r i b u t i o n a f f e c t z e o l i t e a c i d i t y and d i f f u s i o n a l 
p r o p e r t i e s which, i n t u r n , i n f l u e n c e hydrocarbon r e a c t i v i t y . 

The o b j e c t i v e of t h i s work i s to i d e n t i f y r e l a t i o n s h i p s between 
s t r u c t u r e and c a t a l y t i c performance i n the s p e c i f i c case of 
hydrocarbon c r a c k i n g over dealuminated Y z e o l i t e s . Dealuminated 
z e o l i t e s are prepared u s i n g chemical and hydrothermal methods and the 
e f f e c t of dealumination method on structure-performance 

0097-6156/89/0411-0024$06.00/0 
o 1989 American Chemical Society 
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4. COTTERMAN ET AL. Structure and Performance of Dealuminated Y Zeolites IS 

r e l a t i o n s h i p s i s i n v e s t i g a t e d . Z e o l i t e s are evaluated a f t e r 
c a l c i n a t i o n and a f t e r severe steaming to simulate the p r o p e r t i e s of 
f r e s h and e q u i l i b r i u m FCC c a t a l y s t s . 

Hydrothermal dealumination i s c a r r i e d out by t r e a t i n g an 
ammonium-exchanged form of the z e o l i t e i n the presence of m i l d 
steam(3). The r e s u l t i n g z e o l i t e s are c a l l e d " u l t r a s t a b l e Y" (USY) 
z e o l i t e s due to t h e i r enhanced thermal and hydrothermal s t a b i l i t y . 
During the steam treatment, aluminum i s e x p e l l e d from the framework 
i n t o z e o l i t e cages(4). This aluminum then r e l o c a t e s p r e f e r e n t i a l l y to 
the outer p o r t i o n s of the c r y s t a l g i v i n g r i s e to an aluminum-rich 
s u r f a c e ( 5 ) . Framework vacancies created by aluminum e x p u l s i o n are 
b e l i e v e d to be annealed by s i l i c o n m i g r a t i o n from other framework 
l o c a t i o n s ( 6 ) . This s i l i c o n m i g r a t i o n subsequently r e s u l t s i n 
c o l l a p s e of p o r t i o n s of the z e o l i t e framework. Hence, hydrothermal 
dealumination generates a secondary pore system (mesoporosity) w i t h i n 
the z e o l i t e and w i t h an o v e r a l l l o s s of c r y s t a l l i n i t y . Evidence f o r 
the presence of mesopores i s provided i n d i r e c t l y by s o r p t i o n ( 7 ) 
measurements and d i r e c t l y by e l e c t r o n microscopy s t u d i e s ( 8 ) . 

Chemical dealumination i n v o l v e s r e a c t i o n of the z e o l i t e framework 
w i t h any one of a v a r i e t y of reagents(2). In t h i s work, z e o l i t e s 
were reacted w i t h ammonium h e x a f l u o r o s i l i c a t e i n aqueous s o l u t i o n ( 9 -
12) to prepare dealuminated products. Aluminum was e x t r a c t e d from 
the z e o l i t e framework and removed from the c r y s t a l as a s o l u b l e 
f luoroaluminate complex; the r e s u l t i n g l a t t i c e vacancies are b e l i e v e d 
to be f i l l e d by s i l i c o n i n s o l u t i o n . Composition p r o f i l e s of 
c h e m i c a l l y dealuminated z e o l i t e s (AFS) are homogeneous and i n d i c a t e 
the e n t i r e c r y s t a l i s a c c e s s i b l e f o r dealumination(13). S o r p t i o n 
data i n d i c a t e t h a t AFS z e o l i t e s do not possess a secondary pore 
system although pore blockage may occur due to o c c l u s i o n of 
fluor o a l u m i n a t e s p e c i e s ( 1 3 ) . 

The s t r u c t u r a l features of dealuminated z e o l i t e samples were 
c h a r a c t e r i z e d u s i n g X-ray powder d i f f r a c t i o n , porosimetry and s o l i d -
s t a t e NMR measurements. Hexadecane c r a c k i n g was used as a probe 
r e a c t i o n to i n v e s t i g a t e c a t a l y t i c p r o p e r t i e s of pure z e o l i t e s . 

Experimental 

Two sets of c h e m i c a l l y and hydrothermally dealuminated z e o l i t e s were 
prepared from separate sources of p a r t i a l l y ammonium-exchanged Y 
z e o l i t e . The f i r s t set of samples, designated USY-1 and AFS-1, were 
prepared from Davison ammonium-exchanged Y z e o l i t e ( Y - l ) . The 
second set of samples, designated USY-2 and AFS-2, were prepared 
from Linde LZ-Y62 z e o l i t e (Y-2). T y p i c a l p h y s i c a l and chemical 
p r o p e r t i e s of the two s t a r t i n g m a t e r i a l s are compared i n Table I ; the 
primary d i f f e r e n c e between these m a t e r i a l s i s the extent of soda 
removal by ammonium exchange. 

The hydrothermally dealuminated z e o l i t e s (USY-1 and USY-2) used 
i n t h i s study were plant-grade m a t e r i a l s and were used without 
f u r t h e r exchange. The c h e m i c a l l y dealuminated z e o l i t e s (AFS-1 and 
AFS-2) were prepared i n our l a b o r a t o r y f o l l o w i n g the method of Breck 
and Skeels(12). The AFS samples were washed thoroughly u n t i l 
r e s i d u a l f l u o r i d e was no longer detected i n the f i l t r a t e ; AFS-1 
r e c e i v e d a d d i t i o n a l warm-water washes to reduce f u r t h e r f l u o r i d e 
l e v e l s i n the s o l i d . AFS samples were prepared so as to have the 
same extent of framework dealumination as the USY samples. 
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26 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table I . C h a r a c t e r i z a t i o n of S t a r t i n g M a t e r i a l s 

Y - l Y-2 
Composition, wt% 

Na 20 
Bulk S i 0 2 / A l 2 0 3 
Degree of Na Exchange, % 
XRD U n i t C e l l , A 
N 2 Surface Area, m^/g 

A 1 2 0 3 

S i 0 2 

23.63 
69.69 
3.94 
5.0 
73 

24.71 

23.93 
70.06 
2.94 
5.0 
80 

24.70 

Micropore (< 20 A) 
N 2 Pore Volume, cc/g 

T o t a l BET 947 
929 

993 
975 

T o t a l 
Micropore (< 20 A) 
Mesopore (20-200 A) 

0.482 
0.356 
0.033 

0.473 
0.376 
0.025 

Dealuminated z e o l i t e samples were c a l c i n e d i n a i r at 540°C f o r 
three hours p r i o r to c a t a l y t i c t e s t i n g . A p o r t i o n of each sample was 
f u r t h e r modified u s i n g high-temperature steam. Z e o l i t e samples were 
pl a c e d i n a fixed-bed quartz tube; 95% steam was passed through the 
bed at 750°C and atmospheric pressure f o r 4 hours. 

Bulk elemental analyses were determined using X-ray fluorescence 
( S i , A l ) , i n d u c t i v e l y coupled plasma (Al,Na) and i o n chromatography 
(F) techniques. The u n i t c e l l constant was determined by X-ray 
d i f f r a c t i o n w i t h a Siemens D-500 powder d i f f r a c t o m e t e r f o l l o w i n g the 
method o u t l i n e d i n ASTM D3942-80. Nitrogen s o r p t i o n data were 
obtained u s i n g a Quantachrome Autosorb 6 porosimeter operated at 
l i q u i d n i t r o g e n temperature. Por e - s i z e d i s t r i b u t i o n s were c a l c u l a t e d 
u s i n g the de s o r p t i o n branch of the isotherm; micropore c o n t r i b u t i o n s 
were determined by T-plot a n a l y s i s . 

S t a r t i n g m a t e r i a l s and dealuminated products were c h a r a c t e r i z e d 
u s i n g 2^Si a n c i 2 7 A i MAS-NMR. ^ S i S p e c t r a were obtained on a Bruker 
MSL-200 spectrometer at 39.7 MHz us i n g 30° pulses and 5 second 
r e p e t i t i o n r a t e s . Spinning r a t e s were t y p i c a l l y 4.5 kHz and 
5000-10000 scans were obtained per sample. ^ A l s p e c t r a were run on 
a Bruker AM-400 instrument at 104.3 MHz w i t h 10° pulses and 0.1 
second r e p e t i t i o n r a t e s . Spinning r a t e s were t y p i c a l l y 5.0 kHz and 
2000-10000 scans were obtained per sample. 

Hexadecane c r a c k i n g r e a c t i o n s were c a r r i e d out over pure z e o l i t e s 
i n an atmospheric fixed-bed r e a c t o r at 500°C Z e o l i t e s were s i z e d 
to 40/80 mesh and mixed w i t h glass beads p r i o r to t e s t i n g . The 
c a t a l y s t bed was purged w i t h dry n i t r o g e n at 500°C f o r 30 minutes 
p r i o r to r e a c t i o n and 10 minutes f o l l o w i n g r e a c t i o n . Hexadecane 
feed was i n j e c t e d v i a a syringe pump at a constant r a t e of 27.8 g/hr. 
Space v e l o c i t i e s were v a r i e d by changing c a t a l y s t l o a d i n g . Separate 
gas and l i q u i d products were c o l l e c t e d over a three minute run and 
analyzed by gas chromatography. Approximately 350 components i n the 
l i q u i d product were separated and i d e n t i f i e d u s i n g a 50m x 0.2mm 
methyl s i l i c o n e c a p i l l a r y column w i t h 0.5/i.m f i l m t h i c k n e s s . Spent 
c a t a l y s t s were removed from the r e a c t o r and c a l c i n e d i n a i r f o r 3 
hours at 540°C to determine coke y i e l d . Coke amount i s reported as 
the d i f f e r e n c e i n c a t a l y s t weight before and a f t e r c a l c i n a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

4



4. C O T T E R M A N E T A L . Structure andPerformance of Dealuminated YZeolites 27 

P r e s e n t a t i o n of R e s u l t s 

C a t a l y s t C h a r a c t e r i z a t i o n . The compositions of dealuminated products 
are r eported i n Table I I on a v o l a t i l e - f r e e b a s i s . The two USY 
samples have s i m i l a r b ulk compositions; however, both samples have 
high e r s i l i c a - a l u m i n a r a t i o s than the s t a r t i n g Y z e o l i t e s (Table I) 
i n d i c a t i n g some alumina was l o s t during p r e p a r a t i o n . The two AFS 
samples have s i m i l a r b u l k compositions and lower aluminum contents 
than the USY samples. The e x t r a wash given to AFS-1 r e s u l t s i n a 
lower f l u o r i d e l e v e l than th a t of AFS-2. F l u o r i d e s remain a f t e r 
c a l c i n a t i o n but drop below 0.01% a f t e r steaming. Soda l e v e l s i n the 
AFS m a t e r i a l s are s l i g h t l y higher than those i n USY m a t e r i a l s i n 
s p i t e of s e v e r a l exchanges and extensive washing and i n d i c a t e s t h a t 
sodium remains bound i n the dealuminated z e o l i t e . Both sets of AFS 
and USY samples have s i m i l a r u n i t c e l l dimensions. 

Table I I . C h a r a c t e r i z a t i o n of Dealuminated Z e o l i t e s 

USY-1 USY-2 AFS-1 AFS-2 
Composition, wt% 

A l2°3 21. ,37 23. .88 16. .74 17. .08 
S i 0 2 77. ,77 76. .06 81. .35 80. .98 
Na 20 0. ,86 0. .70 1. .46 1. .54 
F <0. .01 <0. .01 0. .05 0. .37 

Bulk S i 0 2 / A l 2 0 3 6. ,2 5. .4 8. .3 8. .1 
XRD U n i t C e l l . A 24. ,56 24. .58 24. .56 24. .53 

Table I I I shows XRD and porosimetry data f o r c a l c i n e d USY and AFS 
z e o l i t e s . A l l samples show shrinkage of the u n i t c e l l to comparable 
values f o l l o w i n g c a l c i n a t i o n . As a r e s u l t , c a l c i n e d samples are 
compared at s i m i l a r s i l i c a - a l u m i n a framework r a t i o s . A l l c a l c i n e d 
samples have w e l l developed microporous s t r u c t u r e s and comparable 
t o t a l pore volumes. These porosimetry data confirm t h a t the 
hydrothermally dealuminated m a t e r i a l s c o n t a i n a s i g n i f i c a n t f r a c t i o n 
of mesopores r e l a t i v e to c h e m i c a l l y dealuminated m a t e r i a l s . The 
extensive washing given to AFS-1 r e s u l t s i n higher micropore surface 
area and volume compared to AFS-2 and suggest t h a t AFS-2 contains 
occluded fluoroaluminate and f l u o r o s i l i c a t e compounds w i t h i n the 
microporous s t r u c t u r e . 

Table I I I . C h a r a c t e r i z a t i o n of C a l c i n e d Dealuminated Z e o l i t e s 

USY-1 USY-2 AFS-1 AFS-2 
XRD U n i t C e l l , A 24.49 24.50 24.49 24.48 
N 2 Surface Area, m^/g 

T o t a l BET 705 798 923 729 
Micropore (< 20A) 645 738 903 711 
% Micropore 91.3 92.5 97.8 97.5 

N 2 Pore Volume, cc/g 
T o t a l 0.438 0.511 0.453 0.405 
Micropore (< 20A) 0.250 0.282 0.346 0.268 
MesoDore (20-2001) 0.089 0.095 0.036 0.052 

Porosimetry and XRD data are given i n Table IV f o r steamed USY 
and AFS z e o l i t e s . F o l l o w i n g steaming, the u n i t c e l l s i z e s of AFS and 
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28 CHARACTERIZATION AND CATALYST DEVELOPMENT 

USY z e o l i t e s reduce to comparable values. Steam treatment decreases 
micropore surface area and increases mesopore volume. With the 
exception of AFS-1, a l l samples have comparable micropore volumes and 
surface areas. AFS-1 shows a l a r g e decrease i n surface area r e l a t i v e 
to the other samples. 

Table IV. C h a r a c t e r i z a t i o n of Steamed Dealuminated Z e o l i t e s 

USY-1 USY-2 AFS-1 AFS-2 
XRD U n i t C e l l , A 24.30 24.33 24.32 24.32 
N 2 Surface Area, m2/g 

T o t a l BET 559 615 545 581 
Micropore (< 20A) 513 542 492 547 
% Micropore 91.0 88.1 90.3 94.1 

N 2 Pore Volume, cc/g 
T o t a l 0.407 0.462 0.324 0.395 
Micropore (< 20A) 0.190 0.204 0.185 0.206 
Mesopore (20-200A) 0.112 0.154 0.073 0.071 

Figures 1 and 2 show spe c t r a obtained u s i n g 2 9 S i a n d 
MAS-NMR. The peaks i n the 2 9 S i s p e c t r a are l a b e l e d w i t h S i ( n A l ) f o r 
n=0,l 2,3 or 4 i n d i c a t i n g the number of nearest aluminum neighbors. 
The 2'A1 s p e c t r a are l a b e l l e d w i t h A l ( I V ) , A l ( V ) and A l ( V I ) , 
i n d i c a t i n g aluminum c o o r d i n a t i o n number. The s t a r t i n g m a t e r i a l Y - l 
i s shown i n the upper l e f t - h a n d corner of each f i g u r e . Figure 1 
shows the s i l i c o n i n Y - l are randomly d i s t r i b u t e d throughout the 
framework whereas Figure 2 v e r i f i e s t h a t a l l of the aluminum i s 
t e t r a h e d r a l l y coordinated(IV). The corresponding NMR s p e c t r a f o r 
Y-2 (not shown) are n e a r l y i d e n t i c a l to those f o r Y - l . 

The s p e c t r a of the as-synthesized m a t e r i a l s show the AFS and USY 
z e o l i t e s p r i o r to c a l c i n a t i o n . The USY-2 z e o l i t e shows d i s t i n c t 
d i f f e r e n c e s i n s i l i c o n d i s t r i b u t i o n compared to the two AFS samples 
although both USY and AFS m a t e r i a l s have s i m i l a r framework 
composition (as evidenced by u n i t c e l l s i z e ) . The 2 ^ A l s p e c t r a show 
that USY-2 contains aluminum i n octahedral c o o r d i n a t i o n (VI) whereas 
the AFS m a t e r i a l s c o n t a i n only A l ( I V ) . 

F o l l o w i n g c a l c i n a t i o n , both USY and AFS m a t e r i a l s undergo 
framework changes but continue to show d i f f e r e n c e s . The 2 9 S i 
s p e c t r a show an enhancement of the n=0 peak i n both USY and AFS 
s p e c t r a but i n d i c a t e that s i l i c o n d i s t r i b u t i o n s are d i f f e r e n t i n AFS 
and USY m a t e r i a l s . S i l i c a - a l u m i n a framework r a t i o s c a l c u l a t e d from 
the ^ySi NMR s p e c t r a are i n good agreement w i t h values obtained from 
u n i t c e l l measurements. The 27 A1 s p e c t r a show the presence of some 
A l ( V I ) i n a l l samples; however, the s p e c t r a were not run under 
q u a n t i t a t i v e c o n d i t i o n s . Furthermore, the peak corresponding to 
A l ( I V ) may c o n t a i n c o n t r i b u t i o n s from both framework and 
extraframework species(141. Therefore, a q u a n t i t a t i v e determination 
of framework and extraframework aluminum species i s not p o s s i b l e w i t h 
these data. 

A f t e r steaming, the NMR s p e c t r a of USY and AFS m a t e r i a l s show 
d i s t i n c t s i m i l a r i t i e s . The 2 9 S i s p e c t r a show a major peak f o r n=0 
w i t h only minor c o n t r i b u t i o n s from higher c o o r d i n a t i o n s . The 2^A1 
s p e c t r a show the presence of amorphous m a t e r i a l represented as a 
broad background peak i n a l l samples and the generation of a t h i r d 
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Figure 1. 2 9 S i MAS-NMR of hydrothermally and ch e m i c a l l y 
dealuminated Y z e o l i t e s . 

Y-1 
Al (IV) 
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Figure 2. 2 7 A 1 MAS-NMR of hydrothermally and ch e m i c a l l y 
dealuminated Y z e o l i t e s . 
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30 CHARACTERIZATION AND CATALYST DEVELOPMENT 

peak near 30 ppm. The nature of the aluminum species g i v i n g r i s e to 
t h i s t h i r d peak i s c u r r e n t l y the subject of controversy and has been 
a t t r i b u t e d to both pentacoordinated(V)(15) and t e t r a h e d r a l l y -
coordinated (16) extraframework aluminum. The 2 7 A 1 sp e c t r a of AFS-1 
i n d i c a t e the s t r u c t u r e has been degraded by steaming which i s 
c o n s i s t e n t w i t h the l o s s i n surface area. 

C a t a l y t i c P r o p e r t i e s . C a t a l y t i c p r o p e r t i e s were determined f o r both 
c a l c i n e d and steamed z e o l i t e s u s i n g hexadecane c r a c k i n g as a t e s t 
r e a c t i o n . Hexadecane c r a c k i n g provides i n f o r m a t i o n on z e o l i t e 
a c t i v i t y and s e l e c t i v i t y which can be used to estimate octane 
production. Data were obtained f o r both c a l c i n e d and steamed 
z e o l i t e s at hexadecane conversions from 30% to 70%; m u l t i p l e runs 
were made f o r each c a t a l y s t . 

C a t a l y s t a c t i v i t i e s are expressed i n Table V as apparent 
f i r s t - o r d e r r a t e constants. R e s u l t s are reported i n dimensionless 
form r e l a t i v e to USY-1. The i n i t i a l r a t e constants are estimated f o r 
AFS and USY z e o l i t e s by e x t r a p o l a t i n g data to zero conversion and 
show USY z e o l i t e s are more a c t i v e than AFS z e o l i t e s . The data 
i n d i c a t e t h a t steaming does not s i g n i f i c a n t l y a l t e r i n i t i a l a c t i v i t y . 
Observed r a t e constants are reported at 50% conversion and r e f l e c t 
e f f e c t s due to c a t a l y s t d e a c t i v a t i o n . As a r e s u l t , observed 
a c t i v i t i e s f o r steamed c a t a l y s t s are higher than those f o r c a l c i n e d 
c a t a l y s t s . 

Table V. Hexadecane Cracking R e s u l t s f o r Dealuminated Z e o l i t e s . 
R e l a t i v e F i r s t - O r d e r Rate Constants* 

USY-1 USY-2 AFS-1 AFS-2 
I n i t i a l Rate Constant 1.00 1.50 0.34 0.37 
Apparent Rate Constant 

at 50% Conversion 
C a l c i n e d 0.65 0.40 0.15 0.22 
Steamed 0.93 1.40 0.32 0.35 

Rate constants c a l c u l a t e d from k= - WHSV l n ( l - x ) where x i s f r a c 
t i o n a l conversion and WHSV i s weight h o u r l y space v e l o c i t y . 

S e l e c t i v i t y r e s u l t s at constant 50% conversion are reported i n 
Tables VI and V I I f o r c a l c i n e d and steamed z e o l i t e s , r e s p e c t i v e l y . 
Product s e l e c t i v i t i e s are d i v i d e d i n t o l i g h t gas (C^-C^, gas o l i n e 
(C5-C12) and coke. The gasol i n e f r a c t i o n i s f u r t h e r d i v i d e d i n t o 
p a r a f f i n , o l e f i n , naphthene and aromatic (PONA) components. 
Research and motor octane numbers are c a l c u l a t e d f o r the g a s o l i n e 
f r a c t i o n u s i n g a GC-based compositional octane model. 

Table VI i n d i c a t e s that c a l c i n e d USY and AFS m a t e r i a l s show 
d i f f e r e n c e s i n product s e l e c t i v i t i e s and gasol i n e compositions. AFS 
samples show lower g a s o l i n e s e l e c t i v i t i e s and higher coke y i e l d s 
than USY samples. I n a d d i t i o n , products from AFS show s l i g h t l y 
decreased o l e f i n s and increased aromatics and branched p a r a f f i n s than 
those from USY. C a l c u l a t e d octanes are higher f o r AFS than f o r USY. 

Figure 3 shows the molecular weight d i s t r i b u t i o n s of cracked 
products made over c a l c i n e d USY-2 and AFS-2. Cracked products from 
AFS have a sharper d i s t r i b u t i o n which i s s h i f t e d towards lower 
molecular weights than those from USY. I n a d d i t i o n , the d i s t r i b u t i o n 
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4. COTTERMAN ET AL. Structure and Performance of Dealuminated Y Zeolites 31 

f o r AFS-2 shows an increase i n the Cy-C^Q range which corresponds to 
h i g h aromatic y i e l d s . 

Table VI. Hexadecane Cracking R e s u l t s f o r C a l c i n e d Z e o l i t e s . 
Product S l a t e at 50% Conversion 

USY-1 USY-2 AFS-1 AFS-2 
S e l e c t i v i t y , wt% 

c l " c 4 F r a c t i o n 36.6 38.8 43.6 42.6 
c5" c12 F r a c t i o n 58.2 56.2 47.8 49.6 
C12+ F r a c t i o n 2.4 2.6 2.4 1.7 
Coke 2.8 2.4 6.2 6.1 

^5"^12 Composition, wt% 
P a r a f f i n s 51.0 54.2 56.3 55.9 
O l e f i n s 36.0 32.9 27.2 30.5 
Naphthenes 3.5 2.7 2.2 2.4 
Aromatics 9.4 10.3 14.4 11.2 

C5-C12 Octane Number 
Research 86.5 87.1 88.2 88.0 
Motor 76.0 76.8 78.4 78.1 

Steamed AFS and USY z e o l i t e s give s i m i l a r product s e l e c t i v i t i e s 
as shown i n Table V I I (gas o l i n e s e l e c t i v i t y f o r AFS-1 i s s l i g h t l y 
lower than f o r the other z e o l i t e s ) . Consistent w i t h the s e l e c t i v i t y 
data, Figure 4 shows i d e n t i c a l molecular weight d i s t r i b u t i o n s of 
cracked products from steamed AFS-2 and USY-2 z e o l i t e s . Steam 
treatment produces a s h i f t to higher-molecular-weight products w i t h 
an increase i n gasoline s e l e c t i v i t y . Gasoline o l e f i n i c i t y increases 
upon steaming and c a l c u l a t e d octane numbers decrease. 

Table V I I . Hexadecane Cracking R e s u l t s f o r Steamed Z e o l i t e s . 
Product S l a t e at 50% Conversion 

USY-1 USY-2 AFS-1 AFS-2 
S e l e c t i v i t y , wt% 

C1-C4 F r a c t i o n 30.9 31.3 34.3 30.6 
c5" c12 F r a c t i o n 64.0 64.6 61.1 64.7 
c12+ F r a c t i o n 3.4 2.4 2.3 2.9 
Coke 1.7 1.7 1.7 1.9 

^5"^12 Composition, wt% 
P a r a f f i n s 47.0 48.7 48.3 49.9 
O l e f i n s 43.4 41.2 41.6 38.9 
Naphthenes 4.0 4.1 4.2 3.7 
Aromatics 5.6 6.0 6.0 7.5 

C"5"Cl2 Octane Number 
Research 85.7 85.3 85.8 85.5 
Motor 74.9 74.4 74.8 74.8 

Figure 5 shows normalized PONA s e l e c t i v i t i e s i n the C5-C12 
f r a c t i o n from hexadecane c r a c k i n g . Data are i n c l u d e d at conversions 
between 30%-70% over both AFS and USY z e o l i t e s . C a l c i n e d and steamed 
samples are represented by open and c l o s e d symbols, r e s p e c t i v e l y . 
The data d i s p l a y general c o r r e l a t i o n s which are independent of y i e l d 
s t r u c t u r e and c a t a l y s t m o d i f i c a t i o n . These c o r r e l a t i o n s are unique 
to the Y z e o l i t e s t r u c t u r e . 
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32 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Carbon Number 

Figure 4. Molecular weight d i s t r i b u t i o n from hexadecane c r a c k i n g 
at 50% conversion over steamed USY and AFS z e o l i t e s . 
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Figure 5. PONA s e l e c t i v i t i e s i n gasoline f r a c t i o n from hexadecane 
c r a c k i n g over USY and AFS z e o l i t e s . 
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34 CHARACTERIZATION AND CATALYST DEVELOPMENT 

L i g h t gas compositions are shown i n Table V I I I f o r hexadecane 
c r a c k i n g at constant 50% conversion. R e s u l t s are report e d as 
iso-to-normal and o l e f i n - t o - p a r a f f i n r a t i o s f o r C4 products. 
C a l c i n e d AFS and USY z e o l i t e s show s i g n i f i c a n t d i f f e r e n c e s i n both 
s e l e c t i v i t y r a t i o s whereas steamed z e o l i t e s show s i m i l a r l i g h t gas 
s e l e c t i v i t i e s . However, steamed s e l e c t i v i t i e s are d r a m a t i c a l l y 
d i f f e r e n t from those of c a l c i n e d z e o l i t e s . These r e s u l t s are i n good 
q u a l i t a t i v e agreement w i t h r e s u l t s obtained f o r AFS and USY z e o l i t e s 
by g a s - o i l c r a c k i n g (17). 

Table V I I I . Hexadecane Cracking Results f o r Dealuminated Z e o l i t e s . 
L i g h t Gas Composition at 50% Conversion 

Isobutane/n-Butane R a t i o 
USY-1 USY-2 AFS-1 AFS-2 
2.65 2.57 2.82 2.83 
1.81 1.93 1.89 1.95 

Butenes/Butanes R a t i o 
USY-1 USY-2 AFS-1 AFS-2 

C a l c i n e d Z e o l i t e s 0.83 0.78 0.54 0.57 
Steamed Z e o l i t e s 1.84 1.67 1.74 1.61 

D i s c u s s i o n of Resu l t s 

C a t a l y s t S t r u c t u r a l C h a r a c t e r i s t i c s . S t r u c t u r a l f e atures of AFS and 
USY m a t e r i a l s have been c h a r a c t e r i z e d i n t h i s work i n terms of u n i t 
c e l l s i z e , presence of extraframework m a t e r i a l , a c t i v e - s i t e 
d i s t r i b u t i o n s , and p o r e - s i z e d i s t r i b u t i o n s . These features are 
s i m i l a r f o r both sets of USY and AFS samples which i n d i c a t e s t h a t 
s t r u c t u r a l c h a r a c t e r i s t i c s are not r e l a t e d to the source of Y 
z e o l i t e . 

XRD measurements show that c a l c i n e d AFS and USY z e o l i t e s have 
comparable u n i t c e l l s i z e s . Upon steaming, the u n i t c e l l s i z e s f o r 
both AFS and USY reduce to i d e n t i c a l values. Hence, framework 
s i l i c a - a l u m i n a r a t i o s e q u i l i b r a t e to comparable l e v e l s independent 
of the method by which the z e o l i t e s were o r i g i n a l l y dealuminated. 

As synthesized, both USY and AFS m a t e r i a l s show d i s t i n c t 
d i f f e r e n c e s by 2 9Si-NMR i n the d i s t r i b u t i o n of framework s i l i c o n . 
The framework s i l i c o n d i s t r i b u t i o n depends on the mechanism of 
aluminum removal and s i l i c o n replacement during p r e p a r a t i o n . These 
d i f f e r e n c e s remain a f t e r c a l c i n a t i o n but disappear upon steaming. 
Severe steaming r e s u l t s i n l o s s of a l a r g e p o r t i o n of framework 
aluminum such that only the strongest-bound aluminum species remain 
i n the framework. Consequently, steamed AFS and USY z e o l i t e s have 
s i m i l a r framework s i l i c o n d i s t r i b u t i o n s . 

As-synthesized AFS z e o l i t e s do not c o n t a i n extraframework 
aluminum as evidenced by 2 7 A l NMR. As-synthesized USY z e o l i t e s 
c o n t a i n appreciable amounts of extraframework m a t e r i a l as seen by 
comparing framework and bulk s i l i c a - a l u m i n a r a t i o s and by examining 
2 7 A 1 s p e c t r a . Upon c a l c i n a t i o n both AFS and USY m a t e r i a l s c o n t a i n 
extraframework aluminum. The amount of extraframework aluminum i n 
both AFS and USY m a t e r i a l s increases on steaming. 

Porosimetry data confirm the presence of mesopores i n c a l c i n e d 

C a l c i n e d Z e o l i t e s 
Steamed Z e o l i t e s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

4



4. C O T T E R M A N E T A L . Structure and Performance of Dealuminated YZeolites 35 

USY z e o l i t e s ; t h i s mesoporosity increases on steaming. C a l c i n e d and 
steamed AFS z e o l i t e s show some mesoporosity; however, the amounts 
remain lower than those i n USY z e o l i t e s . 

C a t a l y s t Performance R e l a t i o n s h i p s . Hexadecane c r a c k i n g a c t i v i t y of 
AFS and USY z e o l i t e s , when c o r r e c t e d f o r d e a c t i v a t i o n e f f e c t s , shows 
l i t t l e or no dependence on framework composition. Rather, as shown 
i n Figure 6, a c t i v i t y appears to be a f u n c t i o n of t o t a l aluminum 
content independent of the method of dealumination. This r e s u l t 
i m p l i e s t h a t hexadecane c r a c k i n g occurs over both framework and 
extraframework a c i d s i t e s and th a t i t i s the t o t a l number of such 
s i t e s which determines c a t a l y t i c a c t i v i t y . Hence, extraframework 
m a t e r i a l i n the USY samples makes a s i g n i f i c a n t c o n t r i b u t i o n to 
c a t a l y s t a c t i v i t y as reported by others(18.19). 

Coke s e l e c t i v i t y d i r e c t l y i n f l u e n c e s the r a t e of c a t a l y s t 
d e a c t i v a t i o n as seen by comparing coke s e l e c t i v i t i e s i n Tables VI 
and V I I w i t h observed r a t e constants i n Table V. Our data i n d i c a t e 
c a l c i n e d AFS z e o l i t e s show higher coke s e l e c t i v i t i e s than USY 
z e o l i t e s when compared at s i m i l a r u n i t c e l l s i z e s . This r e s u l t 
suggests that d i s t r i b u t i o n of framework a c i d s i t e s ( a s r e f l e c t e d by 
the d i s t r i b u t i o n of framework s i l i c o n ) has a strong impact on coke 
s e l e c t i v i t y . I n a d d i t i o n , coke s e l e c t i v i t y has been shown to 
c o r r e l a t e w i t h the d e n s i t y of strong a c i d s i t e s i n the framework(20). 
Our data confirm t h i s and show that steaming decreases the d e n s i t y of 
such s i t e s which, i n t u r n , leads to decreased coke s e l e c t i v i t i e s . 

Gasoline s e l e c t i v i t y i s i n f l u e n c e d by both the method of 
dealumination and steam treatment and, hence, depends on framework 
a c i d s i t e s and on presence of extraframework m a t e r i a l . Both 
framework and extraframework s i t e s c o n t r i b u t e to the o v e r a l l z e o l i t e 
a c i d i t y . Framework A l ( I V ) a c i d s i t e s are a s s o c i a t e d w i t h Bronsted 
a c i d i t y whereas extraframework A l ( V I ) a c i d s i t e s are a s s o c i a t e d w i t h 
Lewis a c i d i t y ( 2 1 ) . C a l c i n e d AFS samples are reported (22) to c o n t a i n 
greater Bronsted a c i d i t y than USY samples from i n f r a r e d 
c h a r a c t e r i z a t i o n and to have stronger a c i d i t y as measured by ammonia 
desorption. As a r e s u l t , the stronger a c i d i t y of c a l c i n e d AFS 
samples cracks hexadecane to lower molecular weight products than 
USY. A f t e r steaming, the a c i d i t i e s of both AFS and USY are reduced 
to s i m i l a r l e v e l s and l e a d to s i m i l a r g a s o l i n e s e l e c t i v i t i e s which 
are increased r e l a t i v e to the c a l c i n e d z e o l i t e s . 

L i g h t gas s e l e c t i v i t i e s from hexadecane c r a c k i n g (Table V I I I ) 
confirm the Bronsted/Lewis a c i d character of AFS and USY z e o l i t e s . 
High iso-to-normal r a t i o s and low o l e f i n - t o - p a r a f f i n r a t i o s c o r r e l a t e 
w i t h increased Bronsted a c i d c h a r a c t e r ( 2 3 ) . C a l c i n e d AFS has more 
Bronsted a c i d i t y than c a l c i n e d USY z e o l i t e s ; a f t e r steaming, both AFS 
and USY have strong Lewis a c i d character. D i f f e r e n c e s between AFS 
and USY jamples are s u b t l e r e l a t i v e to the d i f f e r e n c e s seen between 
steamed and c a l c i n e d samples. Hence, e f f e c t s due to steaming 
o v e r r i d e e f f e c t s due to o r i g i n a l method of dealumination. 

Gasoline composition from hexadecane c r a c k i n g over c a l c i n e d and 
steamed AFS and USY z e o l i t e s can be represented by general 
c o r r e l a t i o n s as shown i n Figure 5. As these c o r r e l a t i o n s are unique 
to z e o l i t e Y, they i n d i c a t e that the Y z e o l i t e framework topology 
plays an important r o l e i n the mechanism of product formation. The 
method of dealumination and subsequent steam treatment l e a d to 
v a r i o u s PONA compositions; however, these compositions r e s u l t from a 
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36 CHARACTERIZATION AND CATALYST DEVELOPMENT 

s i n g l e mechanism f o r hydrocarbon conversion. This r e s u l t suggests 
tha t modifying Y z e o l i t e i n f l u e n c e s the r e l a t i v e r a t e of i n d i v i d u a l 
steps i n the o v e r a l l mechanism ( f o r example, hydrogen-transfer 
r e a c t i o n s ) through m o d i f i c a t i o n of z e o l i t e a c i d i t y . 

Figure 7 shows c a l c u l a t e d octane numbers from hexadecane c r a c k i n g 
as a f u n c t i o n of gaso l i n e y i e l d . C a l c i n e d and steamed z e o l i t e s are 
represented by open and c l o s e d symbols, r e s p e c t i v e l y . The c a l c u l a t e d 
octane number r e f l e c t s changes i n the ga s o l i n e molecular weight 
d i s t r i b u t i o n and, to a l e s s e r extent, composition e f f e c t s . 
Increases i n octane f o r c a l c i n e d AFS z e o l i t e s are o f f s e t by 
decreased g a s o l i n e y i e l d s . 

Gasoline octane number f o r steamed USY z e o l i t e s has been shown to 
c o r r e l a t e w i t h u n i t c e l l s i z e ( 2 4 ) . This concept has been e x p l o i t e d 
to design USY c a t a l y s t s f o r octane production(2J3) . In t h i s work we 
demonstrate t h a t parameters other than u n i t c e l l s i z e have an impact 
on octane; s i m i l a r conclusions have been reported by others (26). 
As shown i n Figure 7, c a l c i n e d z e o l i t e s w i t h s i m i l a r u n i t c e l l s i z e s 
demonstrate d i f f e r e n t octane-producing behavior. Hence, s t r u c t u r a l 
c h a r a c t e r i s t i c s such as extraframework aluminum and s p a t i a l 
d i s t r i b u t i o n of a c i d s i t e s are important f a c t o r s a f f e c t i n g z e o l i t e 
a c i d i t y . A f t e r steaming, the octane behaviors of AFS and USY 
z e o l i t e s are s i m i l a r r e f l e c t i n g s i m i l a r i t i e s i n z e o l i t e a c i d i t i e s . 

Extraframework aluminum c o n t r i b u t e s to the observed c a t a l y t i c 
behavior i n both a c t i v i t y and s e l e c t i v i t y . I t i s i n t e r e s t i n g to note 
t h a t although steamed USY contains more extraframework aluminum than 
steamed AFS, both AFS and USY give s i m i l a r product s e l e c t i v i t i e s . 
Observed product s e l e c t i v i t i e s from steamed z e o l i t e s are i n s e n s i t i v e 
to the amount of extraframework aluminum present w i t h i n the 
composition range i n v e s t i g a t e d i n t h i s study. 

Through the use of hexadecane c r a c k i n g alone, we have been unable 
i n t h i s work to e l u c i d a t e the r o l e of mesoporosity i n the c a t a l y t i c 
behavior of c a l c i n e d or steamed z e o l i t e s . Steamed AFS and USY 
z e o l i t e s show d i f f e r e n c e s i n mesoporosity but e x h i b i t s i m i l a r 
c a t a l y t i c performance. While mesoporosity may a f f e c t d i f f u s i o n i n 
a c t u a l FCC c a t a l y s t s , l a r g e r molecules than hexadecane w i l l be 
r e q u i r e d to determine mesopore e f f e c t s . 

Conclusions 

C h a r a c t e r i z a t i o n and c a t a l y t i c data have been presented f o r 
ch e m i c a l l y and hydrothermally dealuminated Y z e o l i t e s . These data 
show that z e o l i t e s t r u c t u r a l d i f f e r e n c e s l e a d to d i f f e r e n c e s i n 
c a t a l y t i c behavior. USY and AFS z e o l i t e s show d i s t i n c t s t r u c t u r a l 
d i f f e r e n c e s when f r e s h l y prepared and a f t e r c a l c i n a t i o n , however, 
these d i f f e r e n c e s are diminished on steam treatment. As a r e s u l t , 
the c a t a l y t i c behavior of c a l c i n e d AFS and USY z e o l i t e s appears 
d i f f e r e n t w h i l e that of steamed z e o l i t e s i s s i m i l a r . No apparent 
e f f e c t s due to source of Y z e o l i t e were observed. 

Hexadecane c r a c k i n g a c t i v i t y c o r r e l a t e s w i t h t o t a l aluminum 
content; USY m a t e r i a l s are more a c t i v e than AFS m a t e r i a l s before and 
a f t e r steaming. Extraframework aluminum c o n t r i b u t e s to c a t a l y t i c 
c r a c k i n g a c t i v i t y . 

Gasoline s e l e c t i v i t y and octane performance are f u n c t i o n s of not 
only u n i t c e l l s i z e but a l s o f a c t o r s such as extraframework m a t e r i a l 
and s p a t i a l d i s t r i b u t i o n of a c t i v e s i t e s . These f a c t o r s i n f l u e n c e 
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C O T T E R M A N E T A L . Structure and Performance of Dealuminated Y Zeolites 
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Figure 6. Cracking a c t i v i t y of dealuminated z e o l i t e s as a 
f u n c t i o n of t o t a l aluminum content. 
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Figure 7. Octane performance of USY and AFS z e o l i t e s from 
hexadecane c r a c k i n g at 50% conversion. 
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38 CHARACTERIZATION AND CATALYST DEVELOPMENT 

o v e r a l l z e o l i t e a c i d i t y . Strong a c i d i t y i n c a l c i n e d AFS z e o l i t e s 
leads to decreased g a s o l i n e s e l e c t i v i t i e s and higher octane products 
than c a l c i n e d USY. A f t e r steaming, however, a c i d i t y l e v e l s of USY 
and AFS are comparable and y i e l d s i m i l a r product d i s t r i b u t i o n s . 

No e f f e c t s due to mesoporosity were observed i n hexadecane 
c r a c k i n g . 
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Chapter 5 

Tin Passivation of Vanadium Contaminants 
in Model Fluid Cracking Catalysts 

Spectroscopic Studies 

S. L . Suib1, M . W. Anderson2, and M . L . Occelli3 

1Department of Chemistry, University of Connecticut, Storrs, C T 06268 
2Department of Chemical Engineering, University of Connecticut, 

Storrs, C T 06268 
3Unocal Corporation, Brea, CA 92621 

Components of fluidized cracking catalysts (FCC), such as 
an aluminosilicate gel and a rare-earth (RE) exchanged 
zeolite Y, have been contaminated with vanadyl 
naphthenate and the V thus deposited passivated with 
organotin complexes. Luminescence, electron paramagnetic 
resonance (EPR) and Mossbauer spectroscopy have been used 
to monitor V-support interactions. Luminescence results 
have indicated that the naphthenate decomposes during 
calcination in air with generation of (V=0)+2 ions. After 
steam-aging, V2O5 and REVO4 formation occurred. In the 
presence of Sn, formation of vanadium-tin oxide species 
enhance the zeolite stability in the presence of 
V-contaminants. 

I n t e r e s t i n s t u d y i n g metal e f f e c t s on c r a c k i n g c a t a l y s t s has 
con t i n u e d d u r i n g the l a s t ten y e a r s and i s s t i l l an a c t i v e area o f 
r e s e a r c h today (Vj Recent r e s u l t s from s t u d i e s o f vanadium 
contaminated f l u i d c r a c k i n g c a t a l y s t s (FCC) have shown t h a t s e v e r a l 
vanadium s p e c i e s can e x i s t on FCC s u r f a c e s . In f a c t , luminescence 
measurements have been used t o v e r i f y t h a t , i n i t i a l l y , VpOv i s 
generated d u r i n g c a l c i n a t i o n o f the c a t a l y s t s (2) Furthermore, 
t r a n s m i s s i o n e l e c t r o n microscopy experiments with vanadium 
contaminated FCC's have a l s o been r e p o r t e d and r a r e e a r t h vanadate 
fo r m a t i o n was proposed based on e l e c t r o n d i f f r a c t i o n and energy 
d i s p e r s i v e x-ray a n a l y s i s data (3) t o g e t h e r with Laser Raman 
spe c t r o s c o p y r e s u l t s (4) . 

In a d d i t i o n to VpOv and ReVO,, for m a t i o n o f vanadic a c i d s l i k e 
HoVO- have a l s o been p o s t u l a t e d ( 5 ) ; however, s t a b i l i t y and Raman 
data i n d i c a t e t h a t s p e c i e s l i k e H-V^O-, are more l i k e l y t o occur 
d u r i n g steam-aging o f the c a t a l y s t s \6). Formation o f r a r e - e a r t h 
e u t e c t i c compounds with V̂ O,- have a l s o been mentioned i n the 
l i t e r a t u r e ( 7 ) . These a f o r a n e n t i o n e d s t u d i e s suggest t h a t vanadium 

0097-6156/89/0411-0040$06.00/0 
o 1989 American Chemical Society 
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5. SUIB ET AL. Tin Passivation of Vanadium Contaminants 41 

(V) i s the important o x i d a t i o n s t a t e i n v o l v e d i n c a t a l y s t 
d e a c t i v a t i o n . I d e n t i f i c a t i o n o f a l l the vanadium s p e c i e s and t h e i r 
r e l a t i v e c o n c e n t r a t i o n s have y e t been r e p o r t e d . 

There are s e v e r a l methods to p a s s i v a t e metal contaminants i n 
FCC (1). P a s s i v a t i n g agents such as Sn ( 8 ) , Bi ( 9 ) , P and B (10), 
and A l , P. T i , L i and W (1J.) have been proved u s e f u l f o r r e d u c i n g 
the d e l e t e r i o u s e f f e c t s o f metals on FCC. These agents are 
b e l i e v e d to form i n e r t r e s i d u e s on the FCC s u r f a c e thus i n c r e a s i n g 
metals t o l e r a n c e . The use o f Sb to p a s s i v a t e Ni i s commercially 
accepted and p r a c t i c e d ; antimony decreases coke and hydrogen 
f o r m a t i o n and generates an o v e r a l l i n c r e a s e i n a c t i v i t y w ith 
r e s p e c t t o u n t r e a t e d metals contaminated c a t a l y s t s . Metals 
impregnation methods have been d e s c r i b e d i n the l i t e r a t u r e ; thus 
the degree o f metal r e s i s t a n c e o f f r e s h FCC can r e a d i l y be compared 
(12). In a r e c e n t a r t i c l e c o n c erning the c r a c k i n g o f heavy o i l s , 
the d e l e t e r i o u s e f f e c t s o f Ni and V i m p u r i t i e s have been d i s c u s s e d 
i n d e t a i l (13); the need f o r f u r t h e r s t u d i e s c o n c e r n i n g the 
p o i s o n i n g and p a s s i v a t i o n process o f FCC was shown (13). 
MAT-evaluation i n the l a b o r a t o r y has demonstrated t h a t best r e s u l t s 
c o n c e r n i n g metals t o l e r a n c e are o b t a i n e d with DFCC systems s i n c e 
these types o f c a t a l y s t s can r e t a i n u s e f u l c r a c k i n g a c t i v i t y even 
when loaded with as much as 1.0-1.5% V (1,5,14). 

T h i s paper reviews l i t e r a t u r e data on model f l u i d c r a c k i n g 
c a t a l y s t s (FCC) and r e p o r t s r e s u l t s o f s p e c t r o s c o p i c s t u d i e s 
performed i n our l a b o r a t o r i e s f o r c a t a l y s t s i n which vanadium has 
been p a s s i v a t e d by t i n . Mossbauer s p e c t r o s c o p y , luminescence, x-ray 
powder d i f f r a c t i o n and e l e c t r o n paramagnetic methods have been used 
to monitor vanadium-tin i n t e r a c t i o n s i n a l l the c a t a l y s t s s t u d i e d . 
Experimental 
Two main components were used i n the model c a t a l y s t s d e s c r i b e d i n 
t h i s paper. One component was a europium exchanged ammonium Y 
z e o l i t e (EuNhLY). The other component was an amorphous 
a l u m i n o s i l i c a t e c o n t a i n i n g about 75% S i O , and 25% AKO-
(AAA-alumina). A l l m a t e r i a l s were a r t i f i c i a l l y V-contaminated by 
impregnation with vanadyl naphthenate s o l u t i o n s i n benzene. 
Tetraphenyl t i n ( i n hot toluene) was the p a s s i v a t i n g agent used. 
It was added e i t h e r b e f o r e or a f t e r l o a d i n g vanadium on the z e o l i t e 
(EuNH,Y), on the gel or on a g e l - z e o l i t e m ixture. 

Samples were s t u d i e d a f t e r d r y i n g (100°C), a f t e r c a l c i n a t i o n 
i n a i r to 540°C, and a f t e r hydrothermal treatment w i t h 95% steam/5% 
Np mixtures at 730°C. C a l c i n a t i o n and steaming were performed i n 
q u a r t z r e a c t o r s . For e l e c t r o n paramagnetic resonance s t u d i e s 
samples were s e a l e d o f f i n 2 mm q u a r t z tubes; luminescence s t u d i e s 
were performed with the same s e a l e d o f f tubes. Samples s e a l e d i n 
T e f l o n c e l l s were used f o r Mossbauer s t u d i e s . 

X-ray powder d i f f r a c t i o n experiments were performed on a 
P h i l l i p s x-ray d i f f r a c t o m e t e r with a Diano i n t e r f a c e as d e s c r i b e d 
e a r l i e r (15). Mossbauer s p e c t r o s c o p y s t u d i e s were a l l done at 77K 
with a homebuilt spectrometer c o n s i s t i n g o f an E l s c i n t t r a n s d u c e r , 
a Canberra a m p l i f i e r and multichannel a n a l y z e r , and a Nal Harshaw 
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42 CHARACTERIZATION AND CATALYST DEVELOPMENT 

s c i n t i l l a t i o n d e t e c t o r . Data were t r a n s f e r r e d from the MCA to an 
IBM mainframe computer f o r data a n a l y s i s . Luminescence s p e c t r a 
were c o l l e c t e d at room and l i q u i d n i t r o g e n temperatures on a Spex 
202X f l u o r o m e t e r o p e r a t i n g i n the r i g h t angle mode. E l e c t r o n 
paramagnetic resonance s t u d i e s were performed with a V a r i a n E-3 
spectrometer as d e s c r i b e d p r e v i o u s l y (1_5). 
R e s u l t s and D i s c u s s i o n 
A l l d ata are summarized i n Table I. A f t e r vanadium d e p o s i t i o n on 
the z e o l i t e , on the g e l , o r on a g e l - z e o l i t e mixture, e l e c t r o n 
paramagnetic resonance s t u d i e s i n d i c a t e t h a t vanadium i s 
predominantly i n the form o f vanadyl (VO ) ions (16). On the 
z e o l i t e s u r f a c e , the vanadyl ions are somewhat mobile but on the 
m a t r i x (the g e l ) they appear t o be f a i r l y w ell l o c a l i z e d , EPR data 
f o r the premixed z e o l i t e / g e l mixture show a l a c k o f VO m o b i l i t y , 
s u g g e s t i n g t h a t vanadyl ions are p r e f e r e n t i a l l y d e p o s i t i n g on the 
m a t r i x . In these systems, e x t r a s i g n a l s from i r o n i m p u r i t i e s c o u l d 
not be observed. The c a l c i n e d V-loaded EuHY g i v e s EPR s p e c t r a 
showing t h a t VO ions are much l e s s mobile and i n an a x i a l c r y s t a l 
f i e l d . In f a c t , EPR r e s u l t s are very s i m i l a r t o those from a VO 
exchanged Y z e o l i t e . A f t e r steaming the vanadium-containing EuHY, 
the r e l a t i v e i n t e n s i t y o f the EPR si g r w l decreases by a f a c t o r 
g r e a t e r than 30, i n d i c a t i n g t h a t few VO ions are l e f t i n steam 
aged c a t a l y s t s . Vanadyl ions on the s u r f a c e o f the m a t r i x , on the 
o t h e r hand, s i g n i f i c a n t l y d i m i n i s h a f t e r c a l c i n a t i o n , probably 
because exchange s i t e s are not abundant on t h i s g e l . The steam 
aged vanadium-loaded gel g i v e s , i n g e n e r a l , a very weak EPR s i g n a l . 
These r e s u l t s suggest t h a t a f t e r c a l c i n a t i o n o f the 
vanadium-contaminated matrix and a f t e r steaming the 
vanadium-containing z e o l i t e , o t h e r o x i d a t i o n s t a t e s o f vanadium 
( b e s i d e s V ) are p r e s e n t . 

In agreement with EPR r e s u l t s , luminescence data show t h a t 
a f t e r the thermal and hydrothermal treatment used t o age the f r e s h 
m a t e r i a l s , VpO,- i s formed i n l a r g e amounts. The f a c t t h a t steam 
and the presence o f vanadium i n the z e o l i t e q u i c k l y l e a d t o 
i r r e v e r s i b l e l o s s o f c r y s t a l l i n i t y suggest t h a t the breakdown o f 
the z e o l i t e framework by vanadium i s f a c i l i t a t e d by the presence o f 
steam ( 2 ) . Luminescence and EPR d a t a i n d i c a t e t h a t VpOj. i s the 
main s p e c i e s t h a t l e a d s t o s t r u c t u r a l c o l l a p s e o f the z e o l i t e . The 
V 2 0 5 may i n t e r a c t with steam (and with the z e o l i t e Bronsted a c i d 
s i t e s ) t o form a c i d i c s p e c i e s ( l i k e H 4 V 2 0 7 ) t h a t degrade the 
z e o l i t e , may r e a c t with r a r e e a r t h i o n s t o form r a r e e a r t h 
vanadates ( 4 ) , and may r e a c t with framework aluminum c a u s i n g a 
deal u m i n a t i o n o f the f a u j a s i t e s t r u c t u r e . Furthermore, luminesence 
data f o r the V-contaminated EuHY i n d i c a t e t h a t , on c a l c i n a t i o n , 
EuVO. i s formed; the q u a n t i t y o f orthovanadate generated i s 
r e l a t i v e l y small with r e s p e c t to the t o t a l amount o f europium 
pre s e n t i n these samples. 

X-ray powder d i f f r a c t i o n r e s u l t s have shown t h a t a d d i t i o n o f 
te t r a p h e n y l t i n t o the vanadium contaminated z e o l i t e o r t o the 
z e o l i t e - g e l mixture l e a d s t o s i g n i f i c a n t l y more r e t e n t i o n o f 
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5. S U I B E T A L . Tin Passivation of Vanadium Contaminants 43 

T a b l e I. Summary o f S p e c t r a l and D i f f r a c t i o n Data f o r V Loaded 
M a t e r i a l s 

Sample* Experiment** O b s e r v a t i o n s C o n c l u s i o n s 
EuY L Broad 1 sands. Several s i t e s 
EuY, C L Sharp, s p l i t bands. Eu m i g r a t i o n 

to S o d a l i t e 
EuY, VC cage. EuY, VC L E x c i t a t i o n , <350 nm EuV0 4, 2 Eu 

type? 
EuV0 4, 2 Eu 
type? 

AAA, V, EuY L ii II II II 

AAA, V, C L Emission, 525 nm V 2 ° 5 
V 0 2 + , some 

AAA, V, EuY L II 
V 2 ° 5 
V 0 2 + , some EuY, V E Broad, a x i a l 
V 2 ° 5 
V 0 2 + , some 
motion 
V0 , r i g i d 
L i t t l e V 0 2 + 

AAA, V E Sharp, a x i a l 
motion 
V0 , r i g i d 
L i t t l e V 0 2 + 

EuY, V, C E Sharp, a x i a l 
motion 
V0 , r i g i d 
L i t t l e V 0 2 + EuY, V, S E Sharp, a x i a l , weak 

motion 
V0 , r i g i d 
L i t t l e V 0 2 + 

AAA, V, C E Sharp, 
II H 

AAA, V, C, S E II II II n H 
EuY, V, C, S E n H II it H 
EuY, Sn 
EuY, Sn, C 

M 
M 

I.S. = 
I.S. = 

1.37 mm/s 
0.06 mm/s 

Sn(C 6H ) 4 

EuY, Sn, C, 
EuY, Sn, C, V, v, 

C 
c, S 

M 
M 

I.S. = 
I.S. = 

0.03 mm/s 
0.15 mm/s 

Sn(C 6H ) 4 

AAA, Sn 
AAA, Sn, C 

M 
M 

I.S. = 
I.S. = 

-0.3 mm/s 
0.04 mm/s 

AAA, Sn, C, V, C M I.S. = 0.02 mm/s II 

AAA, Sn, C, V, c, S M I.S. = 0.06 mm/s II 

AAA/EuY, Sn, C M I.S. = 0.06 mm/s II 

AAA/EuY, Sn, c, S M I.S. = 0.06 mm/s II 

- C = c a l c i n e d , S = steamed, see experimental s e c t i o n f o r 
d e t a i l s . 

- L = luminescence, E = EPR, M = Mossbauer. 
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44 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c r y s t a l U n i t y i n these model FCC even a f t e r steam-aging, s u g g e s t i n g 
t h a t t i n i s p r e v e n t i n g ( l i m i t i n g ) v a n a d i u m - z e o l i t e i n t e r a c t i o n s . 
In t h e , vanadium and t i n loaded EuHY, the Eu luminescence o f the 

DQ - F-. t r a n s i t i o n s p l i t s i n t o more than one band, s u g g e s t i n g 
t h a t a f t e r t i n a d d i t i o n t h e r e are at l e a s t two types o f europium 
s p e c i e s . One r e p r e s e n t e d by Europium ions s t i l l i n the z e o l i t e and 
the o t h e r by EuVO, which forms even i n the presence o f t i n . 
A d d i t i o n o f vanadium t o the matrix and c a l c i n a t i o n f o l l o w e d by 
EuNH-Y a d d i t i o n and c a l c i n a t i o n a l s o cause ( r e l a t i v e l y small 
amounts o f ) EuVO- f o r m a t i o n . T h i s suggests t h a t vanadium i n i t i a l l y 
d e p o s i t e d on the matrix can ( a f t e r c a l c i n a t i o n i n a i r ) migrate t o 
the z e o l i t e and r e a c t with europium i o n s . 

EPR data f o r systems c o n t a i n i n g t i n i n d i c a t e t h a t mast o f the 
vanadium a f t e r c a l c i n a t i o n o r steaming i s i n the V s t a t e . 
Luminescence s p e c t r a f o r a l l t i n vanadium systems show a band i n 
the same r e g i o n as Vp0 5; however, the v i b r a t i o n a l s t r u c t u r e seen 
when t i n i s not present d i s a p p e a r s a f t e r t i n a d d i t i o n . I t i s thus 
b e l i e v e d t h a t t i n r e a c t s with vanadia t o form a t i n vanadium 
complex where the vanadium i s very s i m i l a r t o V^CV but probably 
without the V-0 double bond (15). In a l l the vanaaium-tin systems, 
Mossbauer s p e c t r o s c o p i c r e s u l t s i n d i c a t e t h a t a f t e r c a l c i n a t i o n and 
a f t e r steaming, t i n i s i n the Sn s t a t e ; Mossbauer parameters 
suggest t h a t the t i n s p e c i e s are probably oxides (15). 

Thus, x-ray powder d i f f r a c t i o n , e l e c t r o n paramagnetic 
resonance, Juminescence and Mossbauer data suggest t h a t a complex 
o f Sn , V and oxygen forms t h a t l e a d s to the p a s s i v a t i o n o f 
vanadium when d e p o s i t e d on the z e o l i t e , and on z e o l i t e / g e l 
m i x t u r e s . T h i s complex may be a compound l i k e V^SnOy or s i m i l a r 
h i g h e r m o l e c u l a r weight s p e c i e s . Evidence o f Sn/\r a l l o y f o r m a t i o n 
has not been found from Mossbauer s p e c t r o s c o p y . 
C o n c l u s i o n s 
Luminescence experiments with europium exchanged Y - z e o l i t e s loaded 
with vanadium and t i n , i n d i c a t e t h a t EuVO, and VpOr are both 
formed. X-ray powder d i f f r a c t i o n data suggest: t h a t the combination 
o f vanadia and steam q u i c k l y l e a d t o d e g r a d a t i o n o f the z e o l i t e and 
t h a t t i n p r o t e c t s the z e o l i t e from d e g r a d a t i o n . E l e c t r o n 
paramagnetic resonance experiments i n d i c a t e t h a t a f t e r c a l c i n a t i o n 
and steaming, V(IV) complexes are p r e s e n t but i n low amounts. 
Mossbauer data has shown t h a t t i n i s converted t o a Sn s p e c i e s 
t h a t r e a c t s with V 2 0 5 and form an o x i d e - l i k e s p e c i e s ; Sn/V a l l o y 
f o r m a t i o n was not oDserved. 
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Chapter 6 

Preparation and Characterization of Magnesium 
Aluminate Spinel for SOx Abatement 

in Fluid Catalytic Cracking 

Alak A. Bhattacharyya, Gerald M. Woltermann, and William E . Cormier 

Katalistiks International, 4810 Seton Drive, Baltimore, M D 21215 

Recent studies have demonstrated that 
cerium containing magnesium aluminate 
spinels such as MgAl2O4 and Mg2Al2O5 are 
very e f f e c t i v e SOx reduction catalysts for 
FCC units. These magnesium aluminate 
spinels can be prepared by three d i f f e r e n t 
techniques: (i) thermal co-condensation 
( i i ) co-precipitation and (iii) Co-gel 
formation. Some of the important physical 
and chemical properties of a spinel depends 
on the preparative route used. This paper 
will discuss the preparation methods and 
characterization techniques utilized for 
these spinels and how the SOx abatement 
activity of these spinels are related to 
the preparative route used. 

Designing a catalyst for ef f e c t i v e removal of SOx (S0 2 

+ S0 3) in a f l u i d catalyst cracking unit regenerator i s 
a challenging problem. One must come up with a 
p a r t i c l e having physical properties s i m i l a r to FCC 
catalysts which w i l l : 1) oxidize S0 2 to S0 3, 2) 
chemisorb the S0 3, and 3) be able to release i t as H2S 
as i t enters the reactor side of the unit. A cerium 
containing magnesium aluminate spinel was found to be 
very e f f e c t i v e for t h i s purpose (1). The preparation 
methods and characterization techniques u t i l i z e d for 
th i s spinel catalyst and how the SOx abatement a c t i v i t y 
of t h i s catalyst i s related to the preparative route 
used are discussed i n t h i s paper. 

EXPERIMENTAL 

Psuedoboehmite alumina (Condea Chemie), high surface 
area magnesium oxide (Basic Chemicals), magnesium 

0097-6156/89/0411-0046$06.00/0 
c 1989 American Chemical Society 
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6. BHATTACHARYYAETAL. Magnesium Aluminate Spinel for SOx Abatement 47 

n i t r a t e hexahydrate (Mallinckrodt), sodium aluminate 
(Nalco), and cerium nit r a t e hexahydrate (Molycorp) were 
used as received. 

Preparation of M a A l n Q 4 by Co-condensation Method. A 
psuedoboehmite alumina (95.55g, 75% A1 20 3) was 
thoroughly mixed with high surface area magnesium oxide 
(30.45g, 93% MgO). This material was calcined at 
1400°C for 5 h. The material was cooled, thoroughly 
pulverized, and calcined again at 1400°C for 2 h. This 
process was repeated for two more times. The surface 
area of the material was measured to be 2 m2/g. Anal. 
Calcd for MgAl 20 4: MgO, 28.33%. Found: MgO, 26.4%. 

Preparation of MaAl2p4 by Co-Precipitation Method(5-7). 
A solution containing Mg(N0 3) 2.6H 20 (128.22g, 100%) and 
H20 (225 mL) was added to a 2 L beaker containing 600 
mL of H 20. A solution containing NaA102 (112.87g, 
45.14% A1 20 3) and H 20 (400 mL) was then added dropwise 
v i a a separatory funnel to the beaker. The pH was 
adjusted with either NaOH or HN03 to keep i t within the 
8.5 - 9.0 range. The precipitate was f i l t e r e d and 
washed with 3000 mL of deionized H 20. This material 
was dried at 135°C for 8 h and calcined at 700°C for 2 
h. The surface area of th i s material was 180 m2/g. 
Anal. Calcd for MgAl 20 4: Mgo, 28.33%. Found: MgO, 
26.1%. 

The high magnesium spinel, Mg 2Al 20 5, can be 
synthesized following the same procedure and using the 
required amounts of Mg(N03).6H20 and NaA102. Anal. 
Calcd for Mg 2Al 20 5: MgO, 44.15%. Found MgO, 45.9%. 

Preparation of MaA1^04 bv Co-ael Formation Method (8). 
A gel having a pH of 9 was prepared using aqueous 
s l u r r i e s of psuedoboehmite alumina (71.7 g Alp0 3), MgO 
(28.3 g), and an acid. The material was dried at 110°C 
for 8 h and calcined at 700°C for 2 h. The surface 
area of t h i s material was 169m2/g. Anal. Calcd for 
MgAl 20 4: MgO, 28.33%. Found: MgO, 26.3%. The high 
magnesium spinel can be prepared using the same 
procedure and using the required amounts of 
psuedoboehmite alumina and MgO. Anal. Calcd for 
Mg 2Al 20 5. MgO, 44.15%. Found: 44.1%. 

Cerium Impregnation. A l l of the above spinels were 
impregnated(1) by cerium n i t r a t e hexahydrate. A 
portion (87.7 g) of the spinel prepared by any of the 
above methods was impregnated with a solution 
containing 42.9 g of 70% Ce(N03)3.6H9O (Ce0 2 content 
28.7%) and 40 g water. This material was dried at 
120°C for 3 h and calcined at 700°C for 1 h. 

Thermal Studies. Thermogravimetric studies were 
performed for the testing of these materials. This was 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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48 CHARACTERIZATION AND CATALYST DEVELOPMENT 

accomplished by placing a small amount (5 to 25 mg) of 
v i r g i n sample on a quartz pan and passing a desired 
gas. This experiment was divided into four zones: 

Zone A: Under N 2, the sample was heated to 700°C. 
Zone B: Nitrogen was replaced by a gas containing 

0.32% S0 2, 2.0% Ô , and balance N^. The flow 
rate was 200 mL/mm. The temperature was 
kept constant at 700°C. This condition was 
maintained for 15 min. 

Zone C: Passage of S0 2 containing gas was ceased and 
replaced by . Temperature was reduced to 
650°C. This i s a 10 min. time zone. 

Zone D: Nitrogen was replaced by pure H 2. This 
condition was maintained for 10 minutes. 

X-Ray powder d i f f r a c t i o n patterns of these materials 
were obtained on a Ph i l i p s APD 3720 Automated Powder X-
Ray diffractometer using CuK alpha radiation. Surface 
areas were measured with a Micromeritics Flowsorb I I 
Model 2300 Analyzer with P/Po = 0.3 u t i l i z i n g the BET 
isotherm. 

RESULTS AND DISCUSSION 

Several redox oxides such as Pt0 2, V ^ , Fe 20 3, and 
CeO^ can be used for the oxidation of S0 2 to S0 3. 
Cerium dioxide i s preferred over other oxides because 
platinum i s expensive and vanadium and iron oxides are 
poisons for FCC catalysts. Usually an aqueous solution 
of a cerium s a l t i s used to impregnate a spinel base 
which i s then calcined to obtain the Ce0 2 active form. 
We have found that a 10 to 12% Ce0 2 i s s u f f i c i e n t for 
eff e c t i v e S0 2 oxidation(1). 

The magnesium aluminate spinels that we have 
tested are MgAl 20 4 and Mg 2Al 20 5. The l a t t e r i s a s o l i d 
solution (2,3) of pure spinel (MgAl 20 4) and MgO. The 
spinel structure (4) i s based on a cubic close packed 
array of oxide ions. Typically, the crystallographic 
unit c e l l contains 32 oxygen atoms; one eighth of the 
tetrahedral holes are occupied by the divalent metal 
ions (Mg 2 +), and one half of the octahedral holes are 
occupied by the t r i v a l e n t metal ions ( A l 3 + ) . 

Magnesium aluminate spinels can be prepared(5-8) 
by various methods such as i) thermal co-condensation 
of oxides, i i ) co-precipitation of hydroxides, and i i i ) 
co-gel formation. The results obtained from each of 
these procedures are b r i e f l y discussed below. 

Co-condensation of oxides. The stoichiometric spinel 
MgA1^04 can be prepared (4) by reacting boehmite type 
reactive alumina with high surface area MgO at a 
temperature higher than 1200°C (equation 1). 
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6. BHATTACHARYYA ET AL. Magnesium Aluminate Spinel for SOx Abatement 49 

MgO + A1 20 3 > MgAl 20 4 1) 

This procedure i s very useful when preparing ceramic 
spinel. The MgO can be replaced with MgC03 i f desired 
which eventually at 1200°C yields MgO. Repetitive 
pulverization and calcination steps are required to 
quantitatively generate high quality spinel, MgAl 20 4. 
X-ray d i f f r a c t i o n of t h i s material i s shown i n Figure 
1. At a temperature below 1200°C, the spinel formation 
i s very poor (Figure 1). High temperature calci n a t i o n 
which i s essential for the formation of good quality 
spinel causes sintering. Because of si n t e r i n g the 
spinel material becomes denser (sharper X-Ray peaks) 
and loses surface area and pore volume (Table I ) . 

When impregnated with Ce(N0 3) 3 solution and 
calcined t h i s spinel produces a material that has a 
very poor SOx removal a c t i v i t y (Table I, Figure 2) 
because of a lack of surface area and low pore volume. 
The amount of S0 3 picked up by t h i s catalyst i s 3% of 
i t s i n i t i a l weight. This, we believe, i s because of a 
lack of surface area and low pore volume. In Zone D 
when the sulfated catalyst i s reacted with H 2 the 
reduction i s very unsatisfactory. The rate of 
reduction i s slow and the material does not release a l l 
the absorbed sulfur even after 10 minutes of H 2 

reduction. 
The s o l i d solution spinel, Mg 2Al 20 5, cannot be 

prepared by t h i s method because such a higher 
temperature (>1200°C) causes the MgO to dissociate out 
of the spinel framework (equation 2) 

Mg 2Al 20 5 > MgO + MgAl 20 4 2) 

Co-precipitation of Hydroxides. Some of the important 
factors favoring s o l i d state reactions are high surface 
area and homogeneous mixing of star t i n g materials. A l l 
these conditions would be met i f the hydroxides of 
aluminum and magnesium could be co-precipitated in the 
appropriate proportions to produce spinels. Various 
workers (5-7) have used t h i s co-precipitation technique 
to prepare spinels MgAl 20 4 and Mg 2Al 20 5 using water 
soluble s a l t s of aluminum and magnesium. 

Mg(N0 3) 2 + NaA102 > [MgAl(OH) 5_ x](N0 3) x 

[MgAl(0H) 5_ x](N0 3) x
 7 0 0 C Mg 2Al 20 5 + N0 2 3) 

This method, unlike the co-condensation method, 
does not require a very high temperature calcinat to 
produce spinel structure from co-precipitated double 
hydroxides. Usually a temperature of 700 to 800°C and 
2 to 3 hours of calcination i s s u f f i c i e n t to convert 
the co-precipitated double hydroxide to spi n e l . The 
char a c t e r i s t i c X-Ray d i f f r a c t i o n patterns of MgAl 20 4 

and Mg 2Al 20 5 are presented i n Figure 3. It may be 
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50 CHARACTERIZATION AND CATALYST DEVELOPMENT 

42.9° 
MgO 
(200) 

A 

62.3° 
MgO 
(220) 

I I I I I I I I I I I I I I I I 
42 50 58 66 

44.8° 
MgAI 20 4 

(400) 

B 

65.25° 
MgAI 2 0 4 

(440) 

59.5° 
MgAI 20 4 

(511) 

I l I I I I I I I I I I I 
42 50 58 66 

F i g u r e 1. X-Ray D i f f r a c t i o n P a t t e r n s o f MgA^O^ Prepared by 
Thermal Co-Condensation Method. A=Incomplete (1000°C, 7h); 
B=Complete. 

Table I. Physical and Chemical Properties of Spinels 
Prepared by Different Methods 

Preparative 
Route 

Spinel 
Type 

Surface 
Area 
(in2/g) 

Pore 
Volume 
(cc/g) 

%so3 

Absorbed 

Co-condensation 
Co-precipitation 

Co-gellation 

MgAl 20 4 

MgAl ?0 4 

Mg 2Al 20 5 

MgAl 20 4 

Mg 2Al 20 5 

2 0.15 3.0 
180 0.40 10.9 
150 0.41 13.6 
169 0.32 8.8 
165 0.36 11.4 

Zone 8 Zone C Zone 0 

I00%::at 0-0 Min S 0 2 
103%!1 5 . 0 Min S 0 2 ;. 
Wi#,ftfter 10 Min H2 = 101, 

i i i i i i \ r 
13.2 17.6 22 26.4 30.8 35.2 39.6 

Time (Min) 
48.4 

F i g u r e 2. TGA Test of a Ce02/MgAl 204 C a t a l y s t Prepared by 
Co-Condensation Method. 
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6. BHATTACHARYYA ET AL. Magnesium Aluminate Spinel for S0X Abatement 51 

noted here that the d i f f r a c t i o n pattern of Mg 2Al 20 5 i s 
very s i m i l a r to MgAl 20 4 and does not exhibit a MgO 
peak. In a same plane (hkl) the r e f l e c t i o n occurs at a 
s l i g h t l y lower angle (20) i n Mg 2Al 20 5 compared to 
MgAl 20 4 (Figure 3). 

The physical properties of the spinels prepared by 
th i s method (Table I) are very d i f f e r e n t from those 
prepared by the co-condensation method. The spinels 
prepared by t h i s method have a very high surface area 
(-150 m2/g). 

When impregnated with Ce(N0 3) 3 solution and 
calcined the resulting catalysts are extremely active 
towards SOx abatement (Table I, Figure 4). The s o l i d 
solution spinel catalyst i s nearly 25% more active than 
the stoichiometric spinel catalyst. This can be 
explained by assuming that -MgO- stru c t u r a l fragments 
of the spinel are the chemisorption active s i t e s (1). 
There are more active s i t e s i n Mg 2Al 20c than i n 
MgA1^04. We also see that the catalyst prepared by co-
pr e c i p i t a t i o n method i s 4 times more active than the 
catalyst prepared by the thermal co-condensation 
method. In Zone D we see that the sulfated catalyst i s 
very e f f e c t i v e l y reduced by . Nearly 70% of the 
absorbed species i s reduced within 2 min. of reduction. 

The Ce0 2 exists i n the catalyst as a well 
dispersed but X-Ray i d e n t i f i a b l e microcrystalline 
s o l i d . The X-Ray d i f f r a c t i o n peaks at 20 = 47.9° (220) 
and 56.7° (311) (Figures 3 and 5) are ch a r a c t e r i s t i c of 
Ce0 2 c r y s t a l l i t e s . 

Co-gel formation. In addition to the co-precipitation 
of the two hydroxides we have found that a very 
homogeneous mixture of Mg 2 + and A l 3 + species can be 
obtained by co-gel formation (8). This co-gel, usually 
prepared by combining aqueous s l u r r i e s of 
psuedoboehmite alumina, high surface area MgO, and an 
acid, i s dried and calcined at 700 to 800°C to produce 
both stoichiometric and high magnesium spinels 
(reaction 4). 

Mg 2 + + Acidic AIO(OH) > MgAl(0H) 5 

MgAl(0H) 5
 7 0 0 M g 2 A l 2 0 5 4) 

The c h a r a c t e r i s t i c X-Ray d i f f r a c t i o n patterns of 
these spinels, which are very s i m i l a r to the one 
prepared by the co-precipitation method, are presented 
in Figure 5. The d i f f r a c t i o n pattern of Mg^A^Og i s 
very s i m i l a r to MgAl 20 4 and does not exhibit a MgO 
peak. Again, i n a same plane (hkl) the r e f l e c t i o n 
occurs at a s l i g h t l y lower angle (20) i n Mg 2Al 20 5 

compared to MgAl 20 4 (Figure 5). 
The physical properties such as surface area and 

pore volume of these spinels are very simi l a r to the 
ones prepared by co-precipitation method (Table I ) . 
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52 CHARACTERIZATION AND CATALYST DEVELOPMENT 

37.0 44.8 47.9 56.7 65.2° 

i 1 1 1 r 
34 42 50 58 66 

F i g u r e 3. X-Ray D i f f r a c t i o n P a t t e r n s of MgAl 204 (A) and Mg 2Al 205 
(B) Prepared by C o - P r e c i p i t a t i o n Method. 

(166) 
105.00 
(16.3) 
103.00 
(16.0) 
101.00 
(15.6) 
99.00 
(153) 
97.00 
(15.0) 
95.00 
(14.7) 
93.00 
(14.4) 
91.00 

- Zone A ZoneB / Zone C \ Zone D 

A 
— \ 

, / 91.8%.at; 0.0 Min S 0 2 \ 
\ / 104.3% at 15.0 Min S02 V 

/ Wl% After 10 Mm H2 = 92.1 

- M i l l I I • I I f \ I I I ! I I I M t 
13.2 17.6 22 26.4 

Time (Min) 
30.8 35.2 39.6 48.4 

F i g u r e 4. TGA Test of Ce0 2/Mg 2Al 205 C a t a l y s t Prepared by 
C o - P r e c i p i t a t i o n Method. 

44.9° 65.2° 
MgAI 20 4 MgAI 20 4 

42 50 58 66 

F i g u r e 5. X-Ray D i f f r a c t i o n P a t t e r n s of M g A l 2 0 4 (A) and M g 2 A l 2 0 5 

(B) Prepared by C o - G e l l a t i o n Method. 
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6. BHATTACIIARYYA ET AL. Magnesium Aluminate Spinel for SOx Abatement 53 

When these spinels are impregnated with Ce(N0 3) 3 and 
calcined the resulting catalysts are nearly as active 
as the co-precipitated products (Table I, Figure 5 ) . 
The amount of S0 3 absorbed i n Zone B by the high 
magnesium spinel catalyst i s 11.4% of i t s i n i t i a l 
weight i n 15 min. which i s about four times more than 
the catalyst prepared by co-condensation method (Figure 
6). Once again the high magnesium spinel i s about 25% 
more active than the stoichiometric spinel possibly 
because of higher absorption active s i t e density i n the 
former material. In zone D the H 2 reduction i s very 
e f f e c t i v e . Similar to the catalyst prepared by the 
coprecipitation method t h i s material releases 70% of 
the absorbed sulfur within 2 min. 

Conclusion 

It i s very apparent from t h i s work that co-
pre c i p i t a t i o n and co-gel formation methods for the 
preparation of spinels provide very active catalysts 
for FCC SOx reduction whereas the co-condensation 
method produces very dense ceramic type spinels with 
low a c t i v i t y . The high magnesium spinel catalyst i s 
more active than the stoichiometric spinel catalyst. 
The co-gel formation method i s more convenient and also 
provides a more a t t r i t i o n resistant product than the 
co-precipitation technique. 

Zone C Zone D 

87.8% at 0,0 Min S02 
97,7% at 15.0 Min S 0 2 
Wt% After 10 Min H2 - 87,4 
I I -1 I 1 1 I I I I V. 

7.6 22 26.4 
Time (Min) 

30.8 35.2 39.6 48.4 

F i g u r e 6. TGA Test o f a Ce0 2/Mg 2Al 205 C a t a l y s t Prepared by 
Co - G e l l a t i o n Method. 
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Chapter 7 

Attrition-Resistant Porous Particles 
Produced by Spray Drying 

Horacio E . Bergna 

Chemicals and Pigments Department, Experimental Station, E . I. du Pont 
de Nemours and Company, Wilmington, DE 19880-0262 

Attrition resistance can be conferred to porous 
grains in the micron size range by f i l l ing the pores 
on the periphery of the grains with sub-colloidal or 
very small colloidal particles capable of coalescing 
or sintering to form a hard egg shell. This 
approach requires only a fraction of the hard phase 
volume required to form an attrition resistant 
continuous framework or skeleton within the grain 
pores. When slurries made of mixtures of micron 
sized particles and discrete small nanoparticles are 
spray dried, the nanoparticles not strongly adsorbed 
on the surface of the larger particles migrate to 
the periphery of the spray droplets where they 
coalesce forming an egg shell. Special character
ization techniques such as electron probe micro
analysis (EPMA) combined with scanning electron 
microscopy, X-ray and electron diffraction, and 
surface area measurements played a crucial role in 
showing that the egg shell zone is made of the 
micron size particles with the inter-particle voids 
f i l led by the coalesced nanoparticles. 

I n d u s t r i a l powders made of grains i n the micron s i z e range are often 
used i n processes that require high a t t r i t i o n r e s i s t a n c e . A good 
example of such powders are c a t a l y s t s f o r f l u i d bed processes which 
are g e n e r a l l y made of ca. 45 to ca. 150 or 200|im porous grains 
hereby r e f e r r e d to as "porous micrograins" or, i f they are spheroid
a l , "porous microspheres" (PMS). A conventional approach to impart 
a t t r i t i o n r e s i s t a n c e to a c a t a l y s t g r a i n i s to embed small p a r t i c l e s 
of the a c t i v e c a t a l y s t i n a continuous framework or skeleton made of 
a hard and r e l a t i v e l y i n e r t m a t e r i a l . In t h i s case, the percentage 
of hard m a t e r i a l s r e q u i r e d to impart s u f f i c i e n t a t t r i t i o n r e s i s t a n c e 
to the c a t a l y s t composite p a r t i c l e can be as high as 50% and there-

0097-6156/89/0411-0055$06.00/0 
o 1989 American Chemical Society 
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56 CHARACTERIZATION AND CATALYST DEVELOPMENT 

f o r e i t may a f f e c t the a c t i v i t y and/or the s e l e c t i v i t y of the 
c a t a l y s t . 

S a t i s f a c t o r y a t t r i t i o n r e s i s t a n c e can be conferred to the 
porous grains of the a c t i v e c a t a l y s t with a much smaller amount of 
the hard, mostly i n e r t m a t e r i a l (around 10 percent weight) simply by 
d i s t r i b u t i n g the hard phase i n a t h i n l a y e r around the p e r i p h e r a l 
zone of the c a t a l y s t porous grains (1). I t i s reported i n t h i s 
paper that when aqueous s l u r r i e s made of a mixture of micron-size 
p a r t i c l e s (for example 0.2 to 2|im size) and d i s c r e t e s u b - c o l l o i d a l 
or very small c o l l o i d a l p a r t i c l e s (preferably l e s s than ca. 5nm 
diameter) are spray d r i e d , the s u b - c o l l o i d a l or small c o l l o i d a l 
p a r t i c l e s migrate with the evaporating water to the periphery of the 
d r o p l e t s . As a consequence, the spray d r i e d product i s c o n s t i t u t e d 
by porous microspheres (PMS) made of the micron-size p a r t i c l e s with 
a narrow p e r i p h e r a l l a y e r made mostly of the coalesced s u b - c o l l o i d a l 
or very small c o l l o i d a l p a r t i c l e s embedding the outer zone of the 
micron-size p a r t i c l e s . I t i s e s s e n t i a l to r e t a i n the discre t e n e s s 
of the s u b - c o l l o i d a l or small c o l l o i d a l p a r t i c l e s i n the s l u r r y 
p r i o r to spray d r y i n g so that these p a r t i c l e s can migrate e a s i l y by 
d i f f u s i o n or c a p i l l a r y flow i n between the l a r g e r c a t a l y s t p a r t i -
i c l e s . Aggregated c l u s t e r s of s u b - c o l l o i d a l or c o l l o i d a l p a r t i c l e s 
do not migrate e a s i l y around the micron s i z e d p a r t i c l e s to the 
periphery of the dro p l e t , but tend to remain d i s t r i b u t e d at random 
wit h i n the r e s i d u a l microsphere, since they c o n s t i t u t e a very small 
f r a c t i o n of the volume of the s o l i d s ; i n t h i s case, they are not 
very e f f e c t i v e i n c o n t r i b u t i n g to the mechanical strength of the 
r e s u l t a n t PMS. 

On the ba s i s of these f i n d i n g s , by j u d i c i o u s s e l e c t i o n of a 
system of d i s c r e t e s u b - c o l l o i d a l or very small c o l l o i d a l p a r t i c l e s 
of a hard m a t e r i a l , a t t r i t i o n r e s i s t a n t c a t a l y s t powders can be made 
with only a small amount of the hard phase by the spray dr y i n g 
method. Figure 1 (2) i l l u s t r a t e s both the conventional approach and 
my novel concept of a t t r i t i o n r e s i s t a n t porous microspheres. In the 
conventional approach, ca. 50% c o l l o i d a l s i l i c a (22 nm diameter) 
form a continuous supporting framework f o r the l a r g e r c a t a l y s t par
t i c l e s . In my novel approach, the p o l y s i l i c i c a c i d p a r t i c l e s (ca. 
2-3 nm diameter) are embedded with the much l a r g e r c a t a l y s t p a r t i 
c l e s i n a narrow p e r i p h e r a l range of the PMS. In both cases, s i l i c a 
c o n s t i t u t e s the hard, f a i r l y i n e r t phase c o n f e r r i n g a t t r i t i o n 
r e s i s t a n c e to the PMS. 

MATERIALS AND METHODS 

Vanadyl phosphates (VPO) and mu l t i p l e component molybdate (MCM) are 
good examples of c a t a l y s t s , and alpha alumina, amorphous s i l i c a and 
a l u m i n o - s i l i c a t e s are good examples of c a t a l y s t supports that can be 
f a b r i c a t e d i n the form of 45 to 150 |Jm diameter spray d r i e d porous 
spheres with a t t r i t i o n r e s i s t a n c e improved by a r e l a t i v e l y t h i n 
p e r i p h e r a l l a y e r r i c h i n amorphous s i l i c a , amorphous alumina, or 
phosphorus oxides. The hard phase component or precursor i s s e l e c 
t e d i n each case so that i t w i l l not i n t e r f e r e with the c a t a l y t i c 
performance of the c a t a l y s t . 

As an example, the precursor to the vanadyl phosphate c a t a l y s t 
was prepared f o l l o w i n g a method (1) based on reference (3). The MCM 
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7. BERGNA Attrition-Resistant Porous Particles 57 

was prepared by p r e c i p i t a t i o n of cobalt and n i c k e l n i t r a t e aqueous 
s o l u t i o n s with ammonium molybdate, followed by add i t i o n s of i r o n 
n i t r a t e aqueous s o l u t i o n , bismuth n i t r a t e i n d i l u t e n i t r i c a c i d , 
magnesium and potassium n i t r a t e i n water, and phosphoric a c i d (1). 
The s l u r r y was concentrated to 40% s o l i d s and c e n t r i f u g e d . The 
supernatant was discarded and the cake of MCM was used to prepare a 
MCM-10% Si02 aqueous s l u r r y f o r spray d r y i n g . 

In the case of the VPO c a t a l y s t f o r the butane o x i d a t i o n pro
cess and the MCM c a t a l y s t f o r the a c r y l o n i t r i l e process, the pre
f e r r e d precursor of the p e r i p h e r a l hard phase i s p o l y s i l i c i c a c i d 
(PSA). The term " p o l y s i l i c i c a c i d " i s g e n e r a l l y reserved f o r those 
" s i l i c i c acids that have been formed and p a r t i a l l y polymerized i n 
the pH range 1-4 and c o n s i s t of ultimate s i l i c a p a r t i c l e s g e n e r a l l y 
smaller than 3-4 nm diameter" (4). Small, d i s c r e t e p a r t i c l e s of 
c o l l o i d a l s i l i c a a l s o migrate to the periphery of the dr o p l e t , but 
they do not coalesce as e x t e n s i v e l y as PSA i n dryin g . The l a r g e r 
the p a r t i c l e s i z e , the lower the mechanical strength of the 
coalesced dry product. 

In our case a 6% Si02 s o l u t i o n of p o l y s i l i c i c a c i d was pre
pared by d e i o n i z i n g to pH 3 a d i l u t e s o l u t i o n of f i l t e r e d Du Pont JM 
grade sodium s i l i c a t e with Dowex HCR-W2-H r e s i n , a s t r o n g l y a c i d i c 
nuclear s u l f o n i c a c i d c a t i o n exchanger s u p p l i e d by Dow Chemical 
Company. 

The p r e f e r r e d procedure to f a b r i c a t e a t t r i t i o n r e s i s t a n t PMS 
co n s i s t s simply i n spray d r y i n g aqueous s l u r r i e s made of comminuted 
p a r t i c l e s of VPO or MCM around 0.5-2|im s i z e and a small amount of 
PSA. In a t y p i c a l s l u r r y , s i l i c a i s only 10% of the VPO or MCM. 

We spray d r i e d the s l u r r i e s i n a Bowen Engineering Co. No.l 
Ceramic Type Spray Dryer. The spray d r i e d products were screened to 
obtain a c t i v e and s e l e c t i v e a t t r i t i o n r e s i s t a n t powders made of 45 
to 150|Jm diameter porous microspheres of the c a t a l y s t with a t h i n 
s i l i c a - r i c h p e r i p h e r a l l a y e r . 

A t t r i t i o n r e s i s t a n c e was measured on c a t a l y s t powders with and 
without PSA. The a t t r i t i o n r e s i s t a n c e method measured a t t r i t i o n at 
a high and constant a i r j e t v e l o c i t y . The f l u i d i z e d samples were 
subject to a t t r i t i o n c o nditions f o r a s p e c i f i e d length of time. 
Results are given i n c a t a l y s t weight l o s s percent per hour versus 
elapsed time i n hours. 

The d i s t r i b u t i o n of the hardening phase was i n v e s t i g a t e d using 
e l e c t r o n probe microanalysis techniques (EPMA) and scanning e l e c t r o n 
microscopy (SEM) before and a f t e r leaching the c a t a l y s t s with a c i d s . 
EPMA was done with a JEOL microprobe using a Tracor Northern X-ray 
system. X-ray d i f f r a c t i o n and e l e c t r o n d i f f r a c t i o n a n a l y s i s were 
used to i d e n t i f y the phases of the c a t a l y s t s . M i c r o e l e c t r o p h o r e t i c 
measurements of the VPO aqueous s l u r r y with and without PSA added 
were made at various pH values to i n v e s t i g a t e the p o s s i b l e change of 
character of the VPO surface by chemisorption. However, no s i g n i f i 
cant changes were observed i n the zeta p o t e n t i a l s or the i s o e l e c t r i c 
p o i nt of the VPO a f t e r a d d i t i o n of PSA, suggesting that the PSA 
remains free i n the aqueous phase without being adsorbed on the VPO 
surface. 
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58 CHARACTERIZATION AND CATALYST DEVELOPMENT 

RESULTS AND DISCUSSION 

Figure 2a i l l u s t r a t e s the improvement i n a t t r i t i o n r e s i s t a n c e of a 
VPO c a t a l y s t by the a d d i t i o n of only 10% s i l i c a as PSA. Both samples 
of VPO, one with no PSA added and the other with 10% PSA, were 
t e s t e d as c a t a l y s t s i n the butane o x i d a t i o n process to make maleic 
anhydride and showed no d i f f e r e n c e i n a c t i v i t y or s e l e c t i v i t y . Both 
f l u i d bed and r e c i r c u l a t i n g s o l i d s reactors were used f o r the t e s t s 
of c a t a l y t i c performance (1) (2). 

Figure 2b shows that MCM c a t a l y s t made with only 10% s i l i c a as 
PSA achieves p r a c t i c a l l y the same a t t r i t i o n r e s i s t a n c e as the MCM 
c a t a l y s t made with about 50% c o l l o i d a l s i l i c a with p a r t i c l e diameter 
22 nm. 

The d i f f e r e n c e between the two approaches to develop a t t r i t i o n 
r e s i s t a n t PMS as described i n the i n t r o d u c t i o n are i l l u s t r a t e d i n 
F i g . 3 which includes scanning e l e c t r o n micrographs of the pure 
s i l i c a residue obtained by leaching with acids three d i f f e r e n t 
c a t a l y s t s . The f i r s t one was o r i g i n a l l y the MCM c a t a l y s t c o n s t i 
t u t e d by about 50% of metal oxide a c t i v e c a t a l y s t p a r t i c l e s embed
ding a continuous s i l i c a framework or skeleton (3-a). In t h i s case, 
a f t e r l e a c h i n g out the metal oxides with acids, the s i l i c a framework 
r e t a i n s i t s morphology and i t i s almost as a t t r i t i o n r e s i s t a n t as 
the o r i g i n a l untreated MCM/silica c a t a l y s t (3-b). 

Micrograph (3-d) shows what o r i g i n a l l y was the VPO c a t a l y s t 
made of vanadyl phosphate with only 10% of 14nm c o l l o i d a l s i l i c a 
concentrated i n the periphery of the vanadyl phosphate spheres 
(3-c). In t h i s case, leaching with acids leaves the s i l i c a egg 
s h e l l without support producing a c o l l a p s e of the s t r u c t u r e . The 
s i l i c a residue obtained by leaching with acids the VPO-10% PSA 
c a t a l y s t i s made of fragments with the shape of the p e r i p h e r a l 
l a y e r o r i g i n a l l y made of VPO embedded i n s i l i c a ( 3 - e , f ) . The small 
c a v i t i e s seen i n the f r a c t u r e d edge of the egg s h e l l are s i t e s with 
the s i z e and shape of the vanadyl phosphate p a r t i c l e s that occupied 
them. The nitrogen s p e c i f i c surface area of the s i l i c a residue 
obtained by a c i d l e a c h i n g out the VPO p a r t i c l e s i s between 300 and 
500 m2/g as opposed to about 20-30 m2/g f o r the o r i g i n a l VPO-10% 
Si02 c a t a l y s t . Since the surface area of the VPO without PSA i s 
als o about 20-30 m2/g, the r e s u l t s suggest that the VPO and the PSA 
are t i g h t l y embedded i n the periphery of the microsphere. The 
s p e c i f i c surface area of the s i l i c a residue (300-500 m2/g) shows how 
e x t e n s i v e l y the s i l i c a has coalesced from the o r i g i n a l 1000-1200 
m2/g of the PSA d i s p e r s i o n used f o r the f a b r i c a t i o n of the c a t a l y s t . 

Micrographs obtained by EPMA are shown i n Figure 4. The sam
ple i n t h i s case was VPO with 10% amorphous s i l i c a as the hard 
phase. This composition was prepared by spray d r y i n g an aqueous 
s l u r r y with about 40% s o l i d s made of l-2|im p a r t i c l e s of the VPO 
c a t a l y s t precursor and p o l y s i l i c i c a c i d . The back-scattered image 
shows a l l elements present i n the porous microsphere. The X-ray 
image of s i l i c o n c l e a r l y shows t h i s element concentrated e x c l u s i v e 
l y on the periphery of the microsphere. Independent X-ray 
d i f f r a c t i o n and e l e c t r o n d i f f r a c t i o n a n a l y s i s of the p e r i p h e r a l 
l a y e r of the microspheres showed that the s i l i c o n i s present as 
amorphous s i l i c a . 
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7. BERGNA Attrition-Resistant Porous Particles 59 

PSA 

POROUS MICROSPHERES 
45H50^.m 

Continuous supporting framework Peripheral layer of 
of attrition resistant component attrition resistant component 

Figure 1. Diagrams i l l u s t r a t i n g two d i f f e r e n t concepts to 
confer a t t r i t i o n r e s i s t a n c e to porous microspheres (PMS). 
(Reproduced with permission from Ref. 2. Copyright 1987 
E l s e v i e r .) 

(a) Vanadyl Phosphate (VPO) b.Multicomponent Molybdate Acrylonitrile 
Catalyst (MCM) 

TIME IN HOURS TIME IN HOURS 

Figure 2. A t t r i t i o n r e s i s t a n c e of c a t a l y s t powders with 
and without p o l y s i l i c i c a c i d (PSA). 
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60 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3. Scanning electron micrographs of catalyst microspheres before and after leaching 
with acids, (a) Commercial M C M powder made with ca. 50% colloidal silica 22 nm particle 
size, (b) Same powder after acid leaching the active metal oxide components. Continued on 
next page. 
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7. BERGNA Attrition-Resistant Porous Particles 61 

Figure 3. Continued, (c) VPO catalyst powder made with 10% colloidal silica 14 nm 
particle size, (d) Same powder after acid leaching the VPO. Continued on next page. 
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62 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3. Continued, (e) and (f) Residual silica egg shell after acid leaching a VPO-10% 
PSA catalyst. 
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64 CHARACTERIZATION AND CATALYST DEVELOPMENT 

CONCLUSIONS 

A t t r i t i o n r e s i s t a n c e can be conferr e d t o porous g r a i n s i n the micron 
s i z e range by f i l l i n g the pores on the periphery of the g r a i n s w i t h 
s u b - c o l l o i d a l or very small c o l l o i d a l p a r t i c l e s capable of s i n t e r i n g 
t o form a hard egg s h e l l . This approach r e q u i r e s only a f r a c t i o n of 
the hard phase volume r e q u i r e d t o form an a t t r i t i o n r e s i s t a n t con
tinuous framework or ske l e t o n w i t h i n the g r a i n pores. When s l u r r i e s 
made of mixtures of micron s i z e d p a r t i c l e s and d i s c r e t e s m a ll nano
p a r t i c l e s not s i g n i f i c a n t l y adsorbed on the micron s i z e d p a r t i c l e 
s u rface are spray d r i e d , the n a n o p a r t i c l e s migrate t o the p e r i p h e r y 
of the spray d r o p l e t s where they coalesce forming an egg s h e l l . The 
egg s h e l l zone i s made of the micron s i z e p a r t i c l e s w i t h the i n t e r -
p a r t i c l e voids f i l l e d by the coalesced n a n o p a r t i c l e s . For t h i s r e a 
son, spray d r y i n g i s a p r e f e r r e d method t o make a t t r i t i o n r e s i s t a n t 
porous microspheres with a r e l a t i v e l y s m a ll amount (5-10 wt. %) of 
p a r t i c l e s of a hard phase. 
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Chapter 8 

Hydrous Sodium Titanate Ion-Exchange 
Materials for Use as Catalyst Supports 

B. C . Bunker1, C. H . F. Peden2, S. L . Martinez1, E . J. Braunschweig2, 
and A. K. Datye2 

1Sandia National Laboratories, Albuquerque, N M 87185 
2University of New Mexico, Albuquerque, N M 87131 

Understanding how the activity of a catalyst is related 
to the concentration and dispersion of active metals on 
the catalyst support is crit ical to designing materials 
having the optimum catalytic properties. We have 
developed synthetic techniques for controlling both the 
concentration and dispersion of nickel on hydrous 
sodium titanate catalyst supports. The techniques 
require an understanding of the solution chemistry of 
both the support material and dissolved metal species 
(hydrolysis products). In this paper, we present the 
results of a study of three nickel-loaded samples of 
hydrous sodium titanate in which the scale of the 
nickel dispersion ranges from the atomic level to the 
scale of large (50 nm) clusters. The catalysts are 
characterized by transmission electron microscopy 
(TEM), hydrogen chemisorption, and BET surface area 
measurements. In addit ion, the a c t i v i t y and 
selectivity of the Ni catalysts for the n-butane 
hydrogenolysis reaction is used to monitor the surface 
structures of Ni in the catalysts. 

A group of hydrous oxide i o n exchangers of T i , Zr, Nb, and Ta, 
prepared v i a h y d r o l y s i s of r e s p e c t i v e metal a l k o x i d e s , have shown 
great promise f o r use as c a t a l y s t s u b strates (1). For example, c o a l 
l i q u i f a c t i o n c a t a l y s t s prepared on hydrous sodium t i t a n a t e s are up 
to two orders of magnitude more a c t i v e f o r the hydrogenation of 
model s o l v e n t s such as pyrene than are c a t a l y s t s prepared on 
t r a d i t i o n a l alumina supports on a per gram of metal b a s i s ( 2 ) . One 
reason f o r improved c a t a l y t i c a c t i v i t y may be th a t a c t i v e metals 
such as n i c k e l can be a t o m i c a l l y d i s p e r s e d at h i g h (> 5%) metal 
loadings on sodium t i t a n a t e v i a i o n exchange i n aqueous s o l u t i o n s . 

0097-6156/89/0411-0065$06.00/0 
© 1989 American Chemical Society 
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66 CHARACTERIZATION AND CATALYST DEVELOPMENT 

The method of p r e p a r i n g the t i t a n a t e support powder o f f e r s the 
p o s s i b i l i t y of c o n t r o l l i n g the ion-exchange p r o p e r t i e s ( c a p a c i t y , pH 
dependence, e t c . ) o f the m a t e r i a l d u r i n g the s y n t h e s i s . I n 
a d d i t i o n , other important m a t e r i a l p r o p e r t i e s such as the surface 
a r e a a r e , i n p r i n c i p l e , c o n t r o l l a b l e by the s o l u t i o n chemical 
techniques used to prepare the powders. 

To optimize the use of the amorphous sodium t i t a n a t e powders as 
c a t a l y s t s u b s t r a t e s , i t i s important to f u l l y c h a r a c t e r i z e the ion -
exchange p r o p e r t i e s o f the m a t e r i a l . F u r t h e r , the s o l u t i o n 
p r o p e r t i e s of the a c t i v e metal to be loaded onto the support w i l l be 
an important parameter i n the c o n t r o l of the ad s o r p t i o n process. 
For example, exposure of sodium t i t a n a t e to a n i c k e l s a l t s o l u t i o n 
does not guarantee t h a t n i c k e l w i l l be loaded onto the sodium 
t i t a n a t e , or that the n i c k e l , i f loaded, w i l l be disp e r s e d on an 
atomic l e v e l . Sodium t i t a n a t e only behaves as a c a t i o n exchange 
m a t e r i a l under c e r t a i n pH c o n d i t i o n s . The s o l u t i o n pH a l s o 
i n f l u e n c e s the h y d r o l y s i s and s p e c i a t i o n of d i s s o l v e d n i c k e l ions 
(3.) , which can form l a r g e polymeric c l u s t e r s or c o l l o i d a l p a r t i c l e s 
which are not adsorbed by the sodium t i t a n a t e v i a a simple i o n -
exchange process. 

This paper describes some of our i n i t i a l s t u d i e s of the s o l u t i o n 
p r o p e r t i e s of sodium t i t a n a t e powders i n order to understand and 
c o n t r o l t h e m e t a l - l o a d i n g p r o c e s s i n the p r e p a r a t i o n o f a 
heterogeneous c a t a l y s t from the m a t e r i a l s . The purposes of t h i s 
study are: 1) to define the pH and co n c e n t r a t i o n regimes i n which 
n i c k e l i s loaded onto sodium t i t a n a t e as monomeric ions v i a i o n 
exchange, as po l y m e r i c c l u s t e r s v i a h y d r o l y s i s , or as d i s c r e t e 
p a r t i c l e s of c o l l o i d a l n i c k e l hydroxide, and 2) to c h a r a c t e r i z e the 
c a t a l y s t s w i t h respect to the d i s p e r s i o n of the a c t i v e metal under 
r e a c t i o n c o n d i t i o n s by measuring the a c t i v i t y and s e l e c t i v i t y of the 
c a t a l y s t s f o r a known " s t r u c t u r e - s e n s i t i v e " r e a c t i o n , the 
hydrogenolysis of n-butane. 

Experimental 

Hydrous sodium t i t a n a t e was prepared by the method of Dosch and 
Stephens (1) . Titanium isopropoxide was slo w l y added to a 15 wt% 
s o l u t i o n of sodium hydroxide i n methanol. The r e s u l t i n g s o l u t i o n 
was h y d r o l y z e d by a d d i t i o n to 10 v o l % water i n acetone. The 
h y d r o l y s i s product i s an amorphous hydrous oxide w i t h a Na:Ti r a t i o 
of 0.5 which c o n t a i n s , a f t e r vacuum d r y i n g a t room temperature, 
approximately 13.5 wt% water and 2.5 wt% r e s i d u a l a l c o h o l . The ion -
exchange c h a r a c t e r i s t i c s of the sodium t i t a n a t e and the h y d r o l y s i s 
behavior of the n i c k e l n i t r a t e s o l u t i o n s were c h a r a c t e r i z e d u s i n g a 
combination of po t e n t i o m e t r i c t i t r a t i o n s , i n d u c t i v e l y coupled plasma 
atomic e m i s s i o n (ICP) a n a l y s i s of f i l t r a t e s , and surface charge 
measurements obtained u s i n g a Matec e l e c t r o s o n i c amplitude device. 

Three d i f f e r e n t n i c k e l - l o a d e d sodium t i t a n a t e s were prepared by 
exposing 5 gm of the sodium t i t a n a t e powder to aqueous s o l u t i o n s of 
n i c k e l n i t r a t e c o n t a i n i n g s u f f i c i e n t n i c k e l to inco r p o r a t e one mole 
o f n i c k e l f o r e v e r y two moles o f sodium on t h e s u p p o r t 
( c o r r e s p o n d i n g to the st o i c h i o m e t r y a s s o c i a t e d w i t h complete i o n 
exchange). Each sample was prepared u s i n g d i f f e r e n t pH c o n d i t i o n s 
(and thus, d i f f e r e n t N i ( I I ) concentrations) to vary the mechanism of 
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8. BUNKER ETAL. Hydrous Sodium Titanate Ion-Exchange Materials 67 

n i c k e l l o a d i n g (see R e s u l t s and D i s c u s s i o n ) . To o b t a i n atomic 
d i s p e r s i o n s o f N i ( I I ) v i a i o n exchange, the t i t a n a t e powder was 
added to pH 5-6 s o l u t i o n s of aqueous Ni(N03)2- This procedure was 
performed three times w i t h intermediate f i l t r a t i o n s . To favor the 
f o r m a t i o n of s m a l l , hydrolyzed c l u s t e r s , a s t o i c h i o m e t r i c n i c k e l 
s o l u t i o n was added dropwise to a s l u r r y of the t i t a n a t e powder i n 
de i o n i z e d water at a pH of 11. Concurrent w i t h the N i a d d i t i o n , 
NaOH was added to maintain the pH at or near 11. To favor the 
f o r m a t i o n and a d s o r p t i o n of c o l l o i d a l n i c k e l h y d r o x i d e , sodium 
hydroxide was used to ad j u s t the pH of the n i c k e l n i t r a t e s o l u t i o n 
to pH 12.7 p r i o r to the a d d i t i o n of the sodium t i t a n a t e . The pH 
a d j u s t m e n t c a u s e d the d i s s o l v e d n i c k e l t o form a c o l l o i d a l 
suspension of n i c k e l hydroxide which was then adsorbed on the sodium 
t i t a n a t e support. A l l three samples were analyzed f o r Na, N i , and 
T i by r e d i s s o l v i n g the t i t a n a t e powders i n strong a c i d and a n a l y z i n g 
the s o l u t i o n s u s i n g atomic a d s o r p t i o n and ICP spe c t r o s c o p i e s . 

Transmission e l e c t r o n micrographs were obtained from e i t h e r a 
JEM 200CX instrument or a JEOL 2000FX TEM/STEM u s i n g low beam 
i n t e n s i t y to av o i d beam a l t e r a t i o n of the samples. The powders were 
supported on holey carbon f i l m s mounted on copper g r i d s . Powder 
surface areas were measured us i n g N2 ad s o r p t i o n i n a M i c r o m e r i t i c s 
D i g i s o r b 2600 analyzer. The samples were outgassed at 150 °C f o r 4 
hours i n f l o w i n g He before t a k i n g the measurements. Metal surface 
a r e a was de t e r m i n e d by s t a t i c v o l u m e t r i c c h e m i s o r p t i o n u s i n g 
research p u r i t y gases obtained from Matheson. The chemisorption was 
performed at room temperature and t o t a l uptake of H2 was used as a 
measure of the surface c o n c e n t r a t i o n of N i . A l l c a t a l y s t s had a 
nominal l o a d i n g of 10-11% N i . The c a t a l y t i c a c t i v i t y f o r n-butane 
hydrogenolysis was measured in, a quartz U-tube r e a c t o r u s i n g a feed 
stream c o n t a i n i n g H2 and n-C^^o i n the r a t i o 20:1 at a t o t a l 
pressure of 101.4 kPa. UHP (99.999%) H2 was obtained from B i g Three 
I n d u s t r i e s and research p u r i t y (99.99%) n-C^^o from Matheson. Both 
gases were u s e d w i t h o u t f u r t h e r p u r i f i c a t i o n . The r e a c t i o n 
proceeded w i t h l i t t l e or no d e a c t i v a t i o n over s e v e r a l (10-15) hours. 
Rates are rep o r t e d as a turnover frequency (TOF) , or the number of 
n-butane molecules reacted per second per surface N i atom, w i t h the 
l a t t e r q u a n t i t y being determined by H2 chemisorption. Chemisorption 
measurements were performed a f t e r r e d u c t i o n at 673 K f o l l o w e d by 
c o o l i n g to room temperature i n vacuum. 

Re s u l t s and D i s c u s s i o n 

In order to c o n t r o l the mechanism by which n i c k e l i s loaded onto 
sodium t i t a n a t e and to c o n t r o l the degree of n i c k e l d i s p e r s i o n , we 
need t o u n d e r s t a n d the ion-exchange p r o p e r t i e s o f the sodium 
t i t a n a t e support, the h y d r o l y s i s chemistry of the d i s s o l v e d n i c k e l , 
and how the d i f f e r e n t n i c k e l species are expected to i n t e r a c t w i t h 
the t i t a n a t e support. 

Ion-Exchange B e h a v i o r o f Sodium T i t a n a t e . The ion-exchange 
c h a r a c t e r i s t i c s of sodium t i t a n a t e supports are summarized i n F i g . 1 
(2). I n the f i g u r e , proton consumption i s p l o t t e d by the s o l i d l i n e 
as the Nao.sTi i s t i t r a t e d from a b a s i c pH (=-12) w i t h HC1. Na+ (+) 
l o s s from and CI" (-) ads o r p t i o n onto the support are f o l l o w e d by 
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68 CHARACTERIZATION AND CATALYST DEVELOPMENT 

a n a l y s i s o f t h e s o l u t i o n s by ICP. A t pH v a l u e s above the 
i s o e l e c t r i c p o i n t (iep) of sodium t i t a n a t e (pH 5), the surfaces of 
the sodium t i t a n a t e p a r t i c l e s are covered w i t h a n i o n i c surface s i t e s 
t h a t are charge compensated by c a t i o n s such as sodium. Above pH 5, 
the t i t a n a t e support can f u n c t i o n as a c a t i o n exchanger. For 
example i f C a ( I I ) ions are added to a sodium t i t a n a t e s l u r r y , 
s o l u t i o n analyses i n d i c a t e t h a t one calcium i o n i s adsorbed by the 
support f o r every two sodium ions r e l e a s e d i n t o s o l u t i o n . Below pH 
5, surface s i t e s on the t i t a n a t e support are p r i m a r i l y c a t i o n i c , and 
the support behaves as an anion r a t h e r than a c a t i o n exchanger. In 
the above example, n e i t h e r Ca(II) or Na(I) ions are adsorbed by the 
t i t a n a t e powder when the s o l u t i o n pH i s h i g h l y a c i d i c (below pH 4 ) . 
Therefore, the s o l u t i o n chemistry of sodium t i t a n a t e suggests that 
i f the powder i s exposed to N i ( I I ) , and i f the N i ( I I ) i s to be 
loaded v i a an ion-exchange process, l i t t l e or no N i ( I I ) a d s o r p t i o n 
i s to be expected below pH 5. 

A l s o apparent i n F i g . 1 (note the two regimes of H + consumption 
a t n e a r l y constant pH of about 8 and 12) and i n surface charge 
measurements as a f u n c t i o n of pH (not shown, see Ref. 4) , i s the 
presence of at l e a s t two a n i o n i c surface s i t e s above pH 5. The 
d i s t r i b u t i o n of these two s i t e s i s c o n t r o l l a b l e during the s y n t h e s i s 
of the sodium t i t a n a t e powder. Using Raman and s o l i d s t a t e 1^0 NMR 
spectroscopies (5) we are attempting to i d e n t i f y s p e c i f i c a d s o r p t i o n 
s i t e s r e s p o n s i b l e f o r the d i f f e r i n g s o l u t i o n b e h a v i o r , and to 
c h a r a c t e r i z e changes i n the d i s t r i b u t i o n of such s i t e s . I n t h i s 
way, the t a i l o r i n g of the support's ion-exchange p r o p e r t i e s can be 
r e a l i z e d . We have a l s o found (4.5) t h a t i r r e v e r s i b l e changes i n the 
t i t a n a t e support s t r u c t u r e , and i n the type and number of i o n -
exchange s i t e s can occur during i o n exchange i n a c i d i c s o l u t i o n s . 
This r e s u l t demonstrates th a t the chemical s t a b i l i t y of the support 
during metal l o a d i n g needs to be considered. 

N i C I I ) H y d r o l y s i s Chemistry. Although N i ( I I ) e x i s t s i n s o l u t i o n as 
a s i m p l e aquated c a t i o n i n a c i d i c s o l u t i o n s , i n c r e a s e s i n the 
s o l u t i o n pH can l e a d to the deprotonation of bound water molecules, 
l e a d i n g to h y d r o l y s i s and condensation of N i ( I I ) to form i n s o l u b l e 
p o l y m e r i c c l u s t e r s . The c a l c u l a t e d h y d r o l y s i s diagram (3) f o r 
N i ( I I ) ( F i g . 2 ) , shows t h a t f o r a 3 x 10" 2 M n i c k e l n i t r a t e 
s o l u t i o n , h y d r o l y s i s and condensation commence at a pH of 6.5. This 
i s e v i d e n c e d by t h e c o i n c i d e n c e o f t h e c a l c u l a t e d N i ( I I ) 
c o n c e n t r a t i o n and the t o t a l N i c a l c u l a t e d to be s o l u b l e ( F i g . 2) 
above pH 6.5. Further increases i n pH l e a d to the formation of 
l a r g e r i n s o l u b l e polymeric species w i t h n i c k e l becoming l e s s and 
l e s s s o l u b l e as the pH i s r a i s e d to pH 10. Although the s o l u b i l i t y 
i ncreases w i t h pH above pH 10, the c a l c u l a t e d s o l u b i l i t y i s s t i l l 
below 1 0 M even at pH 14. The h y d r o l y s i s diagram suggests th a t 
N i ( I I ) can only be loaded by a simple ion-exchange process at pH 
v a l u e s below 6.5 where h y d r o l y s i s i s n e g l i g i b l e . Above pH 6.5, 
polymeric n i c k e l c l u s t e r s w i l l be present which can e i t h e r condense 
w i t h surface s i t e s on the t i t a n a t e support v i a r e a c t i o n s such as: 

Ti-OH + N i ( 0 H ) 2 x " Y ---> Ti-O-Ni (OH)2*'7"*"1 + H o0, j x y i x y - l 2 
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8. BUNKER ET AL. Hydrous Sodium Titanate Ion-Exchange Materials 69 

Equilibrium Titration of I\Ia05 Ti 
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Figure 1: P l o t of the H + and CI" consumption from s o l u t i o n and 
Na + d e p l e t i o n from a NaQ.sTi during t i t r a t i o n w i t h HC1 ( s t a r t i n g 
pH — 12). Adapted from Reference 2. 
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Figure 2: C a l c u l a t e d (3) d i s s o l v e d N i species concentrations as 
a f u n c t i o n of s o l u t i o n pH. [ N i ] T o t a l was c a l c u l a t e d f o r a 0.25M 
Ni(N03)2 s o l u t i o n , w h i l e a l l other species are the p r e d i c t e d 
concentrations at i n f i n i t e [ N i ] T o t a l c o n c e n t r a t i o n s . 
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70 CHARACTERIZATION AND CATALYST DEVELOPMENT 

or can condense w i t h each other to form l a r g e r c o l l o i d a l p a r t i c l e s 
of n i c k e l h y d r o x i d e . The r e l a t i v e amounts of n i c k e l which are 
adsorbed as s m a l l c l u s t e r s and as c o l l o i d a l p a r t i c l e s should be 
in f l u e n c e d by the r e l a t i v e a v a i l a b i l i t y of r e a c t i v e s i t e s on the 
support vs. the other c l u s t e r s present i n s o l u t i o n . I n any case, 
the h y d r o l y s i s diagram p r e d i c t s that above pH 6.5, N i ( I I ) a d s o r p t i o n 
s h o u l d occur v i a h y d r o l y s i s and condensation r a t h e r than by i o n 
exchange. 

N i c k e l Loading Experiments. Combining the in f o r m a t i o n obtained i n 
our s t u d i e s of the ion-exchange p r o p e r t i e s of sodium t i t a n a t e w i t h 
what i s known concerning the h y d r o l y s i s c h a r a c t e r i s t i c s of N i ( I I ) , 
we would p r e d i c t t h a t below pH 4, N i ( I I ) i s not adsorbed by sodium 
t i t a n a t e , between pH 4 and pH 6.5, N i ( I I ) i s adsorbed as a monomeric 
c a t i o n v i a an ion-exchange process, and that above pH 6.5, N i ( I I ) 
should be adsorbed as polymeric c l u s t e r s and c o l l o i d s v i a h y d r o l y s i s 
and condensation mechanisms. To check the above hypothesis, we have 
t i t r a t e d a c i d i c n i c k e l n i t r a t e s o l u t i o n s w i t h sodium hydroxide i n 
the absence and i n the presence of sodium t i t a n a t e and analyzed 
s o l u t i o n a l i q u o t s f o r N i ( I I ) as a f u n c t i o n of pH ( F i g . 3). The 
r e s u l t s obtained f o r n i c k e l n i t r a t e alone show that the h y d r o l y s i s 
of n i c k e l l e a d i n g to the formation of i n s o l u b l e n i c k e l hydroxide 
occurs between pH 7.5 and 8 ( s l i g h t l y higher than the pH of 6.5 
p r e d i c t e d from s i m p l e h y d r o l y s i s diagrams, Ref. 3 ) . R e s u l t s 
o b t a i n e d i n the presence o f sodium t i t a n a t e suggest t h a t as 
p r e d i c t e d , l i t t l e N i ( I I ) i s adsorbed by the sodium t i t a n a t e below pH 
4. Between pH 4 and pH 7.5, N i ( I I ) i s removed from s o l u t i o n v i a i o n 
exchange, w i t h more N i ( I I ) b e i n g adsorbed as the s o l u t i o n pH 
in c r e a s e s . Above pH 7.5, the p r e c i p i t o u s drop i n the d i s s o l v e d 
N i ( I I ) c o n c e n t r a t i o n i n d i c a t e s t h a t N i ( I I ) h y d r o l y s i s occurs at 
about the same pH i n the presence of sodium t i t a n a t e as i n i t s 
ab sence. I n t h i s b a s i c pH regime, N i ( I I ) a d s o r p t i o n should no 
longer occur v i a an ion-exchange r e a c t i o n . 

N i c k e l - L o a d e d C a t a l y s t s . The go a l of the cu r r e n t study was to 
i n v e s t i g a t e how the degree o f n i c k e l d i s p e r s i o n depends on the 
l o a d i n g c o n d i t i o n s . In p a r t i c u l a r , we were most concerned w i t h 
d e t e r m i n i n g the degree o f d i s p e r s i o n when the metal was loaded 
s o l e l y by i o n exchange sin c e r e s u l t s from e a r l i e r c a t a l y t i c s t u d i e s 
(1.2) suggest tha t we have good metal d i s p e r s i o n even a t hi g h metal 
l o a d i n g s (> 5%) on the sodium t i t a n a t e s , r e l a t i v e to m a t e r i a l s 
prepared by t r a d i t i o n a l methods. Our o b j e c t i v e was to synthesize 
n i c k e l - l o a d e d sodium t i t a n a t e s w i t h e q u i v a l e n t N i ( I I ) loadings i n 
which the degree of d i s p e r s i o n would vary from i n d i v i d u a l ions to 
s m a l l p o l y m e r i c c l u s t e r s to l a r g e c o l l o i d a l c l u s t e r s o f n i c k e l 
h y d r o x i d e . Three n i c k e l - l o a d e d sodium t i t a n a t e c a t a l y s t s were 
prepared (see Experimental). Sample #1 was loaded by c o n t a c t i n g the 
sodium t i t a n a t e powder w i t h three aqueous s o l u t i o n s , each c o n t a i n i n g 
enough N i ( I I ) (from Ni(N03)2) to completely ion-exchange f o r Na, at 
a s o l u t i o n pH of 5-6. Sample #2 was loaded by sl o w l y t i t r a t i n g a 
sodium t i t a n a t e s l u r r y ( i n i t i a l pH near 11) w i t h a n i c k e l n i t r a t e 
s o l u t i o n u n t i l 0.5 moles of n i c k e l were added per mole of Na(I) on 
the support. Concurrent w i t h the a d d i t i o n of the Ni(N03)2 s o l u t i o n , 
we added NaOH to maintain the pH at 10-11. Under these c o n d i t i o n s , 
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8. BUNKER ETAL. Hydrous Sodium Titanate Ion-Exchange Materials 71 

n i c k e l s h o u l d be h y d r o l y z e d w i t h i n the s l u r r y , promoting the 
a d s o r p t i o n of n i c k e l as polymeric c l u s t e r s . Sample #3 was loaded by 
p r e h y d r o l y z i n g a n i c k e l n i t r a t e s o l u t i o n to form a c o l l o i d a l 
suspension of n i c k e l hydroxide and then adding the sodium t i t a n a t e . 

The n i c k e l - l o a d e d t i t a n a t e c a t a l y s t s have been c h a r a c t e r i z e d 
u s i n g s o l u t i o n analyses on r e d i s s o l v e d m a t e r i a l and t r a n s m i s s i o n 
e l e c t r o n microscopy. To date, only Samples #1 and #3 have been 
completely c h a r a c t e r i z e d . S o l u t i o n analyses f o r Sample #1 i n d i c a t e 
t h a t i t contains 11.1 wt% N i and 0.5 wt% Na. This composition i s 
c l o s e to t h a t c a l c u l a t e d f o r m a t e r i a l which has undergone complete 
i o n exchange (11.1 wt% N i + 0.0 wt% Na, down from 9.3 wt% Na i n the 
s t a r t i n g sodium t i t a n a t e powder). There i s no evidence i n TEM 
images of t h i s sample, taken e i t h e r before or a f t e r r e d u c t i o n i n H2 
a t 400°C, f o r the presence of any m e t a l l i c p a r t i c l e s ( F i g . 4). 
However, energy d i s p e r s i v e X-ray a n a l y s i s (EDAX) of the support from 
the same area where no m e t a l l i c p a r t i c l e s were observed i n TEM 
i d e n t i f i e s only N i and T i r a t h e r than the Na and T i present i n the 
support p r i o r to n i c k e l l o a d i n g . Therefore, a l l analyses of the 
p a r t i c l e s confirm that complete l o a d i n g of n i c k e l has occurred v i a 
Ni:Na i o n exchange. Although the s i m i l a r i t y i n the atomic weight of 
N i and T i makes i t d i f f i c u l t to e s t i m a t e a minimum d e t e c t a b l e 
p a r t i c l e s i z e , the absence of d i s t i n g u i s h a b l e N i p a r t i c l e s i n the 
TEM images suggests th a t the N i has maintained a h i g h degree of 
d i s p e r s i o n even a f t e r 400°C H2 r e d u c t i o n . 

The s o l u t i o n analyses f o r Sample #3 show that t h i s sample has 
almost the same n i c k e l content (10.2 wt%) as the ion-exchanged 
Sample #1 (11.1 wt%). However, the a n a l y s i s suggests t h a t none of 
the n i c k e l i n Sample #3 has been in c o r p o r a t e d v i a i o n exchange, 
sin c e the sample has r e t a i n e d a l l of i t s sodium (10 wt%) . Dark-
f i e l d TEM images of the sample before r e d u c t i o n ( F i g . 5) confirm 
t h a t N i - r i c h c o l l o i d a l p a r t i c l e s are observed adhering to the sodium 
t i t a n a t e p a r t i c l e s . TEM micrographs of the reduced Sample #3 
c a t a l y s t (4) c l e a r l y show the presence of l a r g e (100-500 A) N i 
p a r t i c l e s . EDAX analyses of the b r i g h t regions i n F i g . 5 c o n t a i n 
only N i , w h i l e the u n d e r l y i n g p a r t i c l e contains Na and T i i n the 
same r a t i o s found i n the s t a r t i n g sodium t i t a n a t e . Thus, no i o n 
exchange has taken p l a c e , and a l l of the n i c k e l i n the samples i s 
present as m e t a l l i c N i p a r t i c l e s t h a t are d e r i v e d from c o l l o i d a l 
n i c k e l hydroxide as p r e d i c t e d on the b a s i s of our n i c k e l - l o a d i n g 
experiments described above. 

Although we expected l i t t l e or no i o n exchange of N i f o r Na to 
take place i n Sample #2, s o l u t i o n a n a l y s i s showed that roughly 25-
30% of the Na content was removed during p r e p a r a t i o n . This may 
i n d i c a t e t h a t some N i ( I I ) c a t i o n s can undergo i o n exchange f o r Na 
s i n c e N i i s present at very low concentrations d u r i n g p r e p a r a t i o n 
(the Ni(N03)2 s o l u t i o n i s added s l o w l y to the pH 11 s o l u t i o n 
c o n t a i n i n g t h e t i t a n a t e powder). I n f a c t , i t i s the low 
c o n c e n t r a t i o n of N i t h a t may a l l o w c o n t r o l of the c l u s t e r s i z e of 
n i c k e l h y d r o x i d e when l o a d i n g i n t h i s manner. F u r t h e r 
c h a r a c t e r i z a t i o n s ( e . g . , TEM, c a t a l y t i c a c t i v i t y ) are b e i n g 
performed on Sample #2 at t h i s time. 

BET and H2 Chemisorption Measurements. In Table 1 we l i s t the BET 
surface areas and H2 chemisorption uptakes f o r the Sample #1 and #3 
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Figure 3: P l o t of the amount of N i i n a 0.25M Ni(N03)2 s o l u t i o n 
as a f u n c t i o n of pH both i n the presence and absence of a Nao.5Ti 
powder. 

Figure 4: TEM image of Sample #1 a f t e r H2 r e d u c t i o n at 400 °C. 
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8. BUNKER ETAL. Hydrous Sodium Titanate Ion-Exchange Materials 73 

c a t a l y s t s d e s c r i b e d above. A l s o l i s t e d i n the t a b l e are the 
c a l c u l a t e d d i s p e r s i o n s (or the % of exposed N i on the s u r f a c e 
r e l a t i v e to the t o t a l N i i n the c a t a l y s t ) assuming 1 H/l N i atom. 

Table 1. Surface Area (BET) and H2 Chemisorption 
Measurements on two N i C a t a l y s t s 

BET Surface H2 Uptake %Ni 
Area (m^/gm) (/zmoles/gm) D i s p e r s i o n 

Sample #1 

Before 400 °C 
H2 Reduction 275 

A f t e r 86 37 3.92 

Sample #3 --- 5 0.58 

A l t h o u g h the ion-exchanged c a t a l y s t (Sample #1) c o n t a i n s more 
e x p o s e d N i atoms t h a n Sample #3, the d i s p e r s i o n i s s t i l l 
c o n s i d e r a b l y below expectations f o r Sample #1 assuming a l l the N i 
was i n i t i a l l y a t o m i c a l l y d i s p e r s e d on the support. However, t h i s 
discrepancy can be r a t i o n a l i z e d on the b a s i s of the BET surface area 
measurements made before and a f t e r H2 r e d u c t i o n on Sample #1 (Table 
1) . The surface area of Sample #1 decreased from about 275 to 86 
m2/gm a f t e r H2 r e d u c t i o n at 400 °C. This dramatic r e d u c t i o n i n 
surface area i s accompanied by the c r y s t a l l i z a t i o n of the t i t a n a t e 
s u p p o r t which i s e v i d e n t i n TEM, X-ray d i f f r a c t i o n (XRD) and 
d i f f e r e n t i a l thermal a n a l y s i s (DTA) measurements (4) . During t h i s 
s t r u c t u r a l change, a c o n s i d e r a b l e f r a c t i o n of the n i c k e l c o u l d 
become encapsulated w i t h i n d e n s i f i e d Ti02 p a r t i c l e s and, thus, the 
a c c e s s i b i l i t y of the adsorbed N i f o r H2 c h e m i s o r p t i o n (and f o r 
r e a c t a n t s i n a c a t a l y t i c r e a c t i o n ) can be l o s t . However, the metal 
s t i l l a c c e s s i b l e might remain h i g h l y dispersed. Evidence f o r t h i s 
was d escribed above i n that m e t a l l i c N i p a r t i c l e s were absent i n the 
TEM images w h i l e N i could be detected by EDAX from the same area of 
the sample. Assuming s p h e r i c a l p a r t i c l e s , one can c a l c u l a t e an 
average p a r t i c l e s i z e of 100 A f o r a d i s p e r s i o n of 3.92%. Such 
l a r g e N i p a r t i c l e s would be r e a d i l y v i s i b l e i n the TEM images based 
on the r e s u l t s shown i n F i g . 4. F u r t h e r support f o r h i g h l y 
d i s p e r s e d N i was obtained from XRD measurements (4) , and i n the 
c a t a l y t i c a c t i v i t y measurements described below. 

C a t a l y t i c A c t i v i t y of Nickel-Loaded T i t a n a t e s . A good t e s t of the 
d i s p e r s i o n of the a c t i v e metal i s the a c t i v i t y and s e l e c t i v i t y f o r 
the hydrogenolysis of n-butane. For example, i t i s w e l l known (6) 
t h a t the hydrogenolysis of s a t u r a t e d hydrocarbons, or the rupture of 
carbon-carbon bonds by hydrogen, are s t r u c t u r e s e n s i t i v e ; that i s , 
t h e i r r a t e s per surface metal atom (TOF's) vary w i t h the percentage 
of metal exposed on the c a t a l y s t ( i . e . . the d i s p e r s i o n ) . T y p i c a l l y , 
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74 CHARACTERIZATION AND CATALYST DEVELOPMENT 

the t u r n o v e r f r e q u e n c i e s are found to decrease w i t h d e c r e a s i n g 
d i s p e r s i o n ( i n c r e a s i n g metal p a r t i c l e s i z e ) . For example, C a r t e r , 
et a l . (7) found the ra t e of ethane hydrogenolysis to decrease by 
two orders of magnitude i n going from N i p a r t i c l e s of l e s s than 40 A 
to p a r t i c l e s i z e s of greater than 80 A. I t has a l s o been reported 
t h a t h i g h l y d i s p e r s e d I r c a t a l y s t s are p a r t i c u l a r l y s e l e c t i v e f o r 
ethane by p r e f e r e n t i a l s c i s s i o n of the c e n t r a l C-C bond i n n-butane 
(8). 

I n F i g . 6, we p l o t t he t u r n o v e r f r e q u e n c y f o r n-butane 
hydrogenolysis over Sample #1 and Sample #3. Dramatic d i f f e r e n c e s 
i n both the r a t e and a c t i v a t i o n energy were observed. The c a t a l y s t 
prepared by i o n exchange of monomeric N i + 2 c a t i o n s (Sample #1) i s up 
to two orders of magnitude more a c t i v e than the p r e c i p i t a t e d N i 
c a t a l y s t s . These r e s u l t s w i l l be discussed i n more d e t a i l i n a 
forthcoming p u b l i c a t i o n (4). For the purposes of t h i s paper, at 
l e a s t p a r t of t h i s d i f f e r e n c e i n a c t i v i t y can be a s c r i b e d to a 
p a r t i c l e s i z e e f f e c t ; notably, that the higher a c t i v i t y obtained on 
the ion-exchanged N i c a t a l y s t i s due to i t s higher d i s p e r s i o n which 
c o r r e s p o n d i n g l y g i v e s r i s e to a s m a l l e r amount of l e s s a c t i v e , 
close-packed N i surfaces i n the c a t a l y s t ( 9 ) . 

F i g . 7 d i s p l a y s the r e s u l t s obtained f o r the s e l e c t i v i t y f o r C^, 
C2 and C3 p a r a f f i n hydrocarbons as a f u n c t i o n of temperature on 
Sample #1 (ion-exchanged) and Sample #3 N i c a t a l y s t s . I t can be 
seen t h a t the c a t a l y s t prepared by i o n exchange i s very s e l e c t i v e 
f o r C2 hydrocarbons (ethane) at temperatures below 540 K. At higher 
temperatures (> 550 K), methane i s the predominant product. I n the 
case of the c a t a l y s t prepared by p r e - h y d r o l y s i s (Sample #3), methane 
i s the primary product f o r a l l temperatures s t u d i e d . These r e s u l t s 
confirm our e a r l i e r conclusions concerning the d i s p e r s i o n of n i c k e l 
i n the two c a t a l y s t s based on the TEM and chemisorption data. That 
i s , r e a c t i v i t y on Sample #3 i s c h a r a c t e r i s t i c o f l a r g e metal 
p a r t i c l e s w h i l e the s e l e c t i v i t y observed on Sample #1 c l e a r l y 
i n d i c a t e s t h a t at most very s m a l l , h i g h l y d i s p e r s e d N i p a r t i c l e s are 
formed even a t these h i g h metal loadings (10 % ) . 

Summary and Conclusions 

We have prepared and s t u d i e d the p r o p e r t i e s of a sodium hydrous 
t i t a n i u m ion-exchange m a t e r i a l which shows great promise f o r use as 
a heterogeneous c a t a l y s t s u p p o r t . I n these s t u d i e s we have 
i d e n t i f i e d the s o l u t i o n c o n d i t i o n s (e.g.. pH) i n which the sodium 
t i t a n a t e s c o n t a i n s i t e s f o r the adso r p t i o n of e i t h e r metal c a t i o n s 
or anions. For the exchange of Na f o r N i ( I I ) c a t i o n s , s o l u t i o n s 
w i t h a pH of 5 or more are re q u i r e d . However, N i ( I I ) undergoes 
extensive h y d r o l y s i s and condensation r e a c t i o n s above a pH of about 
7-8 which competes w i t h ion-exchange onto the support when both are 
pres e n t i n s o l u t i o n . We have prepared three N i - l o a d e d hydrous 
t i t a n a t e s under d i f f e r e n t s o l u t i o n c o n d i t i o n s to compare t h e i r 
m a t e r i a l and c a t a l y t i c p r o p e r t i e s . The c a t a l y s t s were c h a r a c t e r i z e d 
by s o l u t i o n analyses, TEM, hydrogen chemisorption, BET surface area 
measurements, and the a c t i v i t y and s e l e c t i v i t y of the n-butane 
hydro g e n o l y s i s r e a c t i o n . The c a t a l y s t prepared v i a i o n exchange 
d i s p l a y e d a hi g h degree of s e l e c t i v i t y f o r ethane from s c i s s i o n of 
the c e n t r a l C-C bond i n n-butane i n d i c a t i v e of h i g h l y d i s p e r s e d 
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8. BUNKER ET AL. Hydrous Sodium Titanate Ion-Exchange Materials 

Figure 5: D a r k - f i e l d TEM micrograph of Sample #3 as prepared. 

Figure 6: Arrhenius p l o t of the r a t e of n-butane hydrogenolysis 
o v e r Sample #1 ( i o n - e x c h a n g e d N i c a t a l y s t ) and Sample #3 
( p r e c i p i t a t e d N i c a t a l y s t ) . 
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Ion-Exchanged Ni Catalyst 
100 T 

£ 80 

REACTION TEMPERATURE 

Precipitated Ni Catalyst 
100T 

£ 60 

C , c 

m . r 
523K 573K 598K 623K LEGEND 

REACTION TEMPERATURE 

Figure 7: S e l e c t i v i t y f o r C i (CH4) , C2 (C2H6) , and C3 (C3H8) 
hydrocarbon formation from the hydrogenolysis of n-butane over 
Sample #1 and Sample #3. 
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8. BUNKER ETAL. Hydrous Sodium Titanate Ion-Exchange Materials 11 

metal even at the l o a d i n g of 10% used i n t h i s study. The absence of 
m e t a l l i c N i i n TEM images of t h i s c a t a l y s t i s f u r t h e r support f o r 
such a morphology. T h i s i s good e v i d e n c e t h a t atomic l e v e l 
d i s p e r s i o n s of N i are present i n the as prepared c a t a l y s t and th a t 
h i g h metal d i s p e r s i o n s are maintained upon hydrogen r e d u c t i o n at 400 
°C. However, H2 chemisorption i n d i c a t e s t h a t only a small p o r t i o n 
of the N i i s a c c e s s i b l e on the surface of the c a t a l y s t . We b e l i e v e 
t h a t the c r y s t a l l i z a t i o n of the t i t a n a t e support t h a t accompanies 
the r e d u c t i o n of N i at 400 °C i n H2, encapsulates most of the metal 
w i t h i n the d e n s i f i e d t i t a n a t e p a r t i c l e s making i t i n a c c e s s i b l e to 
gas-phase species. 

The h i g h d i s p e r s i o n of the metal i n c a t a l y s t s prepared by i o n 
exchange onto the hydrous t i t a n a t e supports may w e l l e x p l a i n the 
h i g h a c t i v i t y (on a per gram of metal b a s i s ) of these c a t a l y s t s 
r e l a t i v e to c a t a l y s t s prepared by more conventional methods (1,2). 
I n these l a t t e r s t u d i e s , the m e t a l i s reduced i n - s i t u d u r i n g 
r e a c t i o n at much lower temperatures than used here to reduce N i . 
Thus, the a c c e s s i b i l i t y of the metal may not be compromised by the 
r e s t r u c t u r i n g of the c a t a l y s t support m a t e r i a l . I n the f u t u r e , we 
w i l l i n v e s t i g a t e more moderate metal r e d u c t i o n methods, more e a s i l y 
r e d u c i b l e metals, and m o d i f i c a t i o n s of the s y n t h e s i s of the sodium 
t i t a n a t e p owders. I n t h i s way, we hope t o m a i n t a i n t h e 
a c c e s s i b i l i t y of the metal w h i l e s t i l l a c h i e v i n g the good d i s p e r s i o n 
a t h i g h metal l o a d i n g s a f f o r d e d by the use of i o n exchange to 
prepare a c a t a l y s t on the hydrous t i t a n a t e s . 
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Chapter 9 

Decoking and Regeneration of a Hydrotreating 
Catalyst by Supercritical Extraction 

M . Seapan and Z. Guohui 

School of Chemical Engineering, Oklahoma State University, 
Stillwater, O K 74078 

An industrially spent hydrotreating catalyst from 
naphtha service was extracted with tetrahydrofuran, 
carbon dioxide, pyridine and sulfur dioxide under 
subcritical and supercritical conditions. After 
extraction, the catalyst activity, coke content, and 
pore characteristics were measured. Tetra
hydrofuran was not effective in the removal of coke 
from catalyst, but the other three solvents could 
remove from 18% to 54% of the coke from catalyst. 
The coke was removed predominantly from pores in the 
range of 4-12 nm, resulting in a bimodal pore size 
distribution and an increase in the pore volume and 
surface area. The amount of coke removed depended 
on the extraction temperature, pressure and 
duration. In the most severe extraction conditions, 
the si l ica foulant of the catalyst could also be 
removed as fine particles. Pyridine poisoned the 
catalyst during extraction, however its removal by 
acetone wash could restore the catalyst activity. 

H y d r o t r e a t i n g c a t a l y s t s are e x t e n s i v e l y used i n petroleum 
p r o c e s s i n g , c o a l l i q u e f a c t i o n , and g e n e r a l l y i n upgrading of l i q u i d 
f o s s i l f u e l s . These c a t a l y s t s d e a c t i v a t e by coverage of t h e i r 
a c t i v e s i t e s w i t h p o i s o n i n g compounds and by blockage of t h e i r 
pores by d e p o s i t i o n of carbonaceous s o l i d s and m e t a l l i c f o u l a n t s . 
Depending on the type of feedstock, the c a t a l y s t l i f e may vary from 
a few months f o r heavy o i l s to a few years f o r naphthas. At the 
end of t h e i r a c t i v e l i v e s , the spent c a t a l y s t s are removed from the 
r e a c t o r and r e p l a c e d by f r e s h c a t a l y s t s . Most of the spent 
c a t a l y s t s are disposed of as s o l i d wastes i n l a n d f i l l s or used f o r 
metals reclamation. Only a small f r a c t i o n of these c a t a l y s t s i s 
regenerated by c o n t r o l l e d o x i d a t i o n and reused as low a c t i v i t y 
c a t a l y s t i n guard chambers. At present, no i n - s i t u r e g e n e r a t i o n 
technique i s a v a i l a b l e f o r these c a t a l y s t s . This work discusses 
the m e r i t s of i n - s i t u c a t a l y s t r egeneration and i n v e s t i g a t e s the 

0097-6156/89/0411-0079$06.00/0 
© 1989 American Chemical Society 
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80 CHARACTERIZATION AND CATALYST DEVELOPMENT 

p o t e n t i a l of s u p e r c r i t i c a l f l u i d e x t r a c t i o n as an i n - s i t u c a t a l y s t 
decoking and regeneration technique. 

Advantages of I n - s i t u C a t a l y s t Regeneration. Replacement of 
h y d r o t r e a t i n g c a t a l y s t s i s an expensive o p e r a t i o n i n r e f i n e r i e s . 
In a d d i t i o n to the purchase p r i c e of c a t a l y s t s , the r e f i n i n g 
o p e r a t i o n has to be shut down f o r s e v e r a l days to repl a c e the 
c a t a l y s t , which represents a l o s t revenue. R e f i n e r s always t r y to 
schedule c a t a l y s t replacements at the time of r o u t i n e maintenance 
shutdowns. However, the need f o r c a t a l y s t replacement sometimes 
n e c e s s i t a t e s c o s t l y unscheduled shutdowns. An i n - s i t u c a t a l y s t 
r e g e n e r a t i o n process not only can increase the l i f e of the c a t a l y s t 
but a l s o can a l l e v i a t e the unscheduled shutdowns. 

Hy d r o t r e a t i n g c a t a l y s t s are u s u a l l y alumina supported 
molybdenum based c a t a l y s t s w i t h c o b a l t or n i c k e l promotors. By 
1990, the demand f o r h y d r o t r e a t i n g c a t a l y s t s i s expected to reach 
80,000,000 pounds annually (1). The increased demand f o r these 
c a t a l y s t s and the l i m i t a t i o n s on the a v a i l a b i l i t y and supply of the 
a c t i v e metals increase the urgency to develop e f f e c t i v e c a t a l y s t 
r e g e n e r a t i o n techniques. 

Recent developments i n o x i d a t i v e regeneration have r e s u l t e d i n 
c a r e f u l l y c o n t r o l l e d combustion techniques which can remove the 
coke and cause the gain of a s i g n i f i c a n t p o r t i o n of the c a t a l y s t 
a c t i v i t y without s i n t e r i n g . However, these processes are u s e f u l 
only when the metals laydown on the c a t a l y s t i s minimal. 
Furthermore, they r e q u i r e the c a t a l y s t to be removed from the 
r e a c t o r and sent to c a t a l y s t regeneration companies. I n - s i t u 
c a t a l y s t decoking and regeneration can be an a t t r a c t i v e a l t e r n a t i v e 
to an o f f - s i t e c a t a l y s t regeneration process. 

S u p e r c r i t i c a l f l u i d e x t r a c t i o n i s a novel technique, which can 
p o t e n t i a l l y regenerate the c a t a l y s t s i n - s i t u i n the h y d r o t r e a t i n g 
r e a c t o r . Most solvents t h a t are s u i t a b l e f o r decoking have 
c r i t i c a l p o i n t s lower than the operating c o n d i t i o n s of 
h y d r o t r e a t i n g processes, as shown i n Table I . Therefore, the 
s u p e r c r i t i c a l c a t a l y s t decoking and regeneration can be conducted 
i n s i d e the e x i s t i n g h y d r o t r e a t i n g r e a c t o r s . The rege n e r a t i o n 
process would only r e q u i r e the r e a c t o r to be depre s s u r i z e d and 
cooled to the c o n d i t i o n s of e x t r a c t i o n . A f t e r the e x t r a c t i o n i s 
completed, the r e a c t o r c o n d i t i o n s can be e a s i l y changed to those of 
h y d r o t r e a t i n g and the r e f i n e r y o p e r a t i o n resumed. Thus the time 
l o s t w i l l be mainly the time r e q u i r e d f o r e x t r a c t i o n , which can be 
only a few hours under proper c o n d i t i o n s , as shown i n t h i s work. 
S u p e r c r i t i c a l f l u i d r egeneration can a l s o be done p e r i o d i c a l l y 
d u ring r e f i n e r y operations without a l l o w i n g the c a t a l y s t to become 
completely d e a c t i v a t e d . This p e r i o d i c regeneration w i l l a l l o w the 
c a t a l y s t to be operated at lower temperatures by ma i n t a i n i n g the 
c a t a l y s t at i t s peak a c t i v i t y f o r a longer p e r i o d of time, thus 
reducing the operating costs of r e f i n i n g . 

P r i n c i p l e s of E x t r a c t i v e De-Coking. H y d r o t r e a t i n g c a t a l y s t s 
d e a c t i v a t e by three major mechanisms: 
1. Poisoning occurs by strong a d s o r p t i o n of s t a b l e molecules on the 

a c t i v e s i t e s of c a t a l y s t s . Basic h e t e r o c y c l i c n i t r o g e n 
compounds can u s u a l l y poison the a c i d i c s i t e s . A d s o r p t i o n of 
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9. SEAPAN & GUOHUI Decoking and Regeneration of a Hydrotreating Catalyst 81 

Table I . C r i t i c a l P r o p e r t i e s of Solvents 
and T y p i c a l H y d r o t r e a t i n g Conditions 

Compound T K p c , atm 

Tetrahydrofuran (THF) 535, .6 41 

P y r i d i n e 620 55, .6 

co 2 304. .2 72, .8 

so 2 430, .8 77, .8 

T y p i c a l H y d r o t r e a t i n g 
Conditions 590- -680 70- -170 

b a s i c compounds on c a t a l y s t s i s u s u a l l y f a s t , reaching an 
e q u i l i b r i u m l e v e l immediately a f t e r the o i l contacts the 
c a t a l y s t . The only long-term s i g n i f i c a n c e of p o i s o n i n g i n 
c a t a l y s t d e a c t i v a t i o n i s the p o t e n t i a l of n i t r o g e n compounds to 
act as coke precursors. 

2. Coking or formation of s o l i d carbonaceous dep o s i t s i n the 
c a t a l y s t pores occurs by decomposition and p o l y m e r i z a t i o n of 
hydrocarbons on the c a t a l y s t surface. Carbonaceous m a t e r i a l 
c o n t i n u o u s l y forms on the c a t a l y s t , causing a c t i v e s i t e 
coverage and pore plugging. Coking i s a long-term d e a c t i v a t i o n 
phenomenon. A f t e r an i n i t i a l r a p i d coking, the coke 
con t i n u o u s l y b u i l d s up on the c a t a l y s t , w h i l e i t s composition 
and s t r u c t u r e change. Accumulation of coke causes a slow 
d e a c t i v a t i o n of the c a t a l y s t . I n i n d u s t r i a l p r a c t i c e , the 
o p e r a t i n g temperature i s g r a d u a l l y r a i s e d to compensate f o r the 
a c t i v i t y l o s s . The increased temperature, i n t u r n , increases 
the r a t e of coking and the r a t e of change of coke composition, 
a c c e l e r a t i n g the c a t a l y s t d e a c t i v a t i o n u n t i l the maximum 
allo w a b l e temperature i s reached. 

3. F o u l i n g occurs by decomposition of organometallic compounds of 
the o i l and d e p o s i t i o n of the generated metals i n the porous 
s t r u c t u r e of the c a t a l y s t , b l o c k i n g the a c t i v e s i t e s and 
plugging the pores. Long-term accumulation of these metals i n 
the c a t a l y s t pores can r e s u l t i n permanent d e a c t i v a t i o n of the 
c a t a l y s t . 

Very l i t t l e i s known about the chemical s t r u c t u r e of coke. The 
chemical analyses of d i f f e r e n t coked c a t a l y s t s have i n d i c a t e d that 
coke i s not pure carbon, but i s composed of 90-95% carbon, 5-7% 
hydrogen, 0-2% n i t r o g e n , and t r a c e s of other elements found i n the 
processed o i l . The existence of d i f f e r e n t organic bonds i n d i c a t e s 
t h a t coke has a macromolecular s t r u c t u r e . This macromolecular 
s t r u c t u r e can be broken down by c e r t a i n r e a c t i v e and s t r o n g 
s o l v e n t s . 

F l u i d s around t h e i r c r i t i c a l p o i n t show unusual p h y s i c a l 
property changes. Under s u p e r c r i t i c a l c o n d i t i o n s , f l u i d s have 
lower v i s c o s i t i e s and surface tensions and higher d i f f u s i v i t i e s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
00

9



82 CHARACTERIZATION AND CATALYST DEVELOPMENT 

than those under normal c o n d i t i o n s . High s o l u b i l i t y of 
s u p e r c r i t i c a l f l u i d s can be used to s o l u b i l i z e hard to d i s s o l v e 
s o l i d s . This has r e s u l t e d i n the development of s u p e r c r i t i c a l 
f l u i d e x t r a c t i o n technology i n food p r o c e s s i n g , pharmaceutical and 
other i n d u s t r i e s . 

S u p e r c r i t i c a l f l u i d e x t r a c t i o n can be used to remove 
carbonaceous m a t e r i a l from spent c a t a l y s t s . De F i l i p p i and Robey 
(2) used s u p e r c r i t i c a l carbon d i o x i d e e x t r a c t i o n to regenerate 
adsorbents. Abel (3) t r i e d s u p e r c r i t i c a l carbon d i o x i d e e x t r a c t i o n 
to regenerate a c e r t a i n c a t a l y s t . T i l t s c h e r et a l . (4,5) s t u d i e d 
the i s o m e r i z a t i o n of 1-hexene on an alumina c a t a l y s t and showed 
th a t under s u p e r c r i t i c a l c o n d i t i o n s , 1-hexene was able to remove 
the o l i g o m e r i c compounds (C12-C30) from the c a t a l y s t surface and 
prevent coking. 

S o l u b i l i t i e s of heavy hydrocarbons i n s u p e r c r i t i c a l f l u i d s 
depend on the type of solve n t (6). Moradinia and Teja (7) showed 
that the s o l u b i l i t i e s of s o l i d n-alkanes (n-C2g, n-C^Q, n-C^) a r e 

about ten times higher i n s u p e r c r i t i c a l ethane than i n carbon 
d i o x i d e . Therefore, i t i s reasonable to search and f i n d an 
appropriate s o l v e n t which can d i s i n t e g r a t e and d i s s o l v e the 
carbonaceous deposits from h y d r o t r e a t i n g c a t a l y s t s , r e s u l t i n g i n 
t h e i r decoking and regeneration. 

In t h i s p r o j e c t , the f e a s i b i l i t y of c a t a l y s t r e g e n e r a t i o n by 
s u p e r c r i t i c a l f l u i d e x t r a c t i o n was st u d i e d . A spent c a t a l y s t from 
an i n d u s t r i a l naphtha h y d r o t r e a t e r was e x t r a c t e d w i t h 
t e t r a h y d r o f u r a n , p y r i d i n e , carbon d i o x i d e , and s u l f u r d i o x i d e under 
s u b c r i t i c a l and s u p e r c r i t i c a l c o n d i t i o n s . The coke r e d u c t i o n and 
changes i n the c a t a l y s t pore c h a r a c t e r i s t i c s were measured and to a 
l i m i t e d extent the c a t a l y s t a c t i v i t y was evaluated. I t i s shown 
that by s u p e r c r i t i c a l e x t r a c t i o n , the coke content of spent 
h y d r o t r e a t i n g c a t a l y s t s can be reduced and the c a t a l y s t pore volume 
and surface area can be increased. 

Experimental Work 

Experimental apparatus used i n t h i s study c o n s i s t e d of a 12.5 mm 
i n t e r n a l diameter s t a i n l e s s s t e e l t u b u l a r r e a c t o r w i t h a le n g t h of 
864 mm (34 i n ) . I t was o r i g i n a l l y c o n s t r u c t e d and used as a 
t r i c k l e bed downflow r e a c t o r . With proper m o d i f i c a t i o n of the 
plumbing i t was used to regenerate the c a t a l y s t i n e i t h e r an upflow 
or downflow mode. 

An i n d u s t r i a l l y spent nickel-molybdenum c a t a l y s t from a 
naphtha hydrotreatment s e r v i c e was loaded i n the r e a c t o r . 
Approximately 80 g of the spent c a t a l y s t was packed between two 
l a y e r s of gl a s s beads i n the r e a c t o r . The i n i t i a l c a t a l y s t 
a c t i v i t y was t e s t e d by hydrogenation of a mixture of 10% q u i n o l i n e 
i n T e t r a l i n i n the temperature range of 355-380°C and 10.3 MPa 
(1500 p s i a ) . A f t e r stopping the flow of the r e a c t a n t s , the 
oper a t i n g c o n d i t i o n s were adjusted to those r e q u i r e d f o r e x t r a c t i o n 
experiments. The e x t r a c t i o n was conducted by pumping the s o l v e n t 
i n t o the r e a c t o r . A f t e r completion of the e x t r a c t i o n process, the 
c a t a l y s t a c t i v i t y was measured again. The c a t a l y s t hydrogenation 
a c t i v i t y was c a l c u l a t e d as the percentage of T e t r a l i n converted to 
trans-and c i s - d e c a l i n s . The hydrodenitrogenation (HDN) a c t i v i t y 
was c a l c u l a t e d as the percentage of q u i n o l i n e converted to 
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9. SEAPAN & GUOHUI Decoking and Regeneration of a Hydrotreating Catalyst 83 

propylbenzene and propylcyclohexane, the major hydrocarbons formed 
from q u i n o l i n e . N e i t h e r of these re a c t a n t s were s u i t a b l e to 
measure the p o t e n t i a l a c t i v i t y gain a s s o c i a t e d w i t h the coke 
removal. Coke removal occurred mainly from l a r g e pores (- 10 nm) 
which are not expected to a f f e c t the r e a c t i o n r a t e s of such s m a l l 
molecules as T e t r a l i n and q u i n o l i n e . However, these a c t i v i t y t e s t s 
were u s e f u l i n i d e n t i f i c a t i o n of the p o t e n t i a l p o i s o n i n g e f f e c t s of 
the s o l v e n t s . 

The c a t a l y s t was removed and analyzed f o r i t s coke content, 
pore s i z e d i s t r i b u t i o n , pore volume, and surface area. A l l the 
c a t a l y s t samples were analyzed a f t e r a Soxhlet e x t r a c t i o n w i t h 
t e t r a h y d r o f u r a n f o r 24 h and d r y i n g i n oven at 100 C. The c a t a l y s t 
weight l o s s due to combustion at 550 C was considered as the coke 
on c a t a l y s t . The c a t a l y s t pore c h a r a c t e r i s t i c s were measured by a 
Quantachrome Autoscan Porosimeter. 

The spent c a t a l y s t contained an average of about 17.5% coke. 
I t had a monomodal pore d i s t r i b u t i o n i n the range of 4.4 to 12 nm 
pore diameter, w i t h a most probable pore s i z e of 5.4 nm. The pore 
volume and surface area of the c a t a l y s t were 0.17 cm /g and 106 
m /g r e s p e c t i v e l y . The spent c a t a l y s t a l s o contained s i g n i f i c a n t 
amounts of s i l i c a f o u l i n g , which had deposited on the c a t a l y s t from 
de-foaming agents added to the o i l d u ring the i n d u s t r i a l use of the 
c a t a l y s t . 

R e s u l t s and D i s c u s s i o n 

The e f f e c t i v e n e s s of t e t r a h y d r o f u r a n , p y r i d i n e , carbon d i o x i d e , and 
s u l f u r d i o x i d e as solvents to remove the coke from c a t a l y s t under 
s u p e r c r i t i c a l and s u b c r i t i c a l c o n d i t i o n s was s t u d i e d . The c r i t i c a l 
p r o p e r t i e s of these so l v e n t s are l i s t e d i n Table I and the 
e x t r a c t i o n c o n d i t i o n s are shown i n Table I I . 

Two e x t r a c t i o n runs, runs #1 and #2, were conducted w i t h 
t e t r a h y d r o f u r a n at a reduced pressure of 1.05 and a reduced 
temperature of about 1.35 f o r 5 and 11 h r e s p e c t i v e l y . The 
r e d u c t i o n of the coke content of c a t a l y s t was i n s i g n i f i c a n t . The 
c a t a l y s t a c t i v i t i e s before and a f t e r e x t r a c t i o n were measured at 
355 C. The hydrogenation a c t i v i t y of the c a t a l y s t d i d not change, 
whereas, the q u i n o l i n e HDN a c t i v i t y of the c a t a l y s t was decreased 
from 50% to about 20% when the c a t a l y s t was e x t r a c t e d f o r only 5 
h. This i n i t i a l low a c t i v i t y g r a d u a l l y i ncreased to 50% i n about 
4 h. However, the c a t a l y s t that was e x t r a c t e d f o r 11 h, a f t e r 
s t a b i l i z a t i o n showed an HDN a c t i v i t y of about 80%. These changes 
i n the c a t a l y s t a c t i v i t y are not r e l a t e d to the coke. They are 
r a t h e r a t t r i b u t e d to the i n t e r a c t i o n of t e t r a h y d r o f u r a n w i t h the 
adsorbed species on the c a t a l y t i c s i t e s r e s p o n s i b l e f o r HDN 
r e a c t i o n s . 

Three e x t r a c t i o n experiments, runs #11-13, were conducted w i t h 
carbon d i o x i d e . Run #12 was conducted at a reduced pressure of 
0.93 and a reduced temperature of 1.05 f o r 13 h. The c a t a l y s t coke 
content was reduced from 17.5% to 11%, where the coke was p r i m a r i l y 
removed from pores of 9.6 nm diameter. This represented a 37% 
removal of coke from the c a t a l y s t and r e s u l t e d i n a bimodal pore 
s i z e d i s t r i b u t i o n w i t h a pore volume of 0.22 m*Vg a n ^ a surface 
area of 137 m /g. The changes i n the pore s i z e d i s t r i b u t i o n are 
shown i n F i g . 1. The other two e x t r a c t i o n s w i t h carbon d i o x i d e 
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84 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table I I . Experimental Conditions of C a t a l y s t E x t r a c t i o n 

RUN # SOLVENT Zr T 
r 

TIME, h COMMENTS 

1 THF* 1.05 1. 35 5 

2 THF 1.03 1. 38 11 

3 P y r i d i n e 1.1 - 1.6 1. 07 9 

4B P y r i d i n e Atmospheric -- 24 

4A P y r i d i n e 1.02 
1.36 
1.85 

0. 
1. 
1. 

,99 
,03 
,07 

5 
3 
3 

Run 4A i s the 
c o n t i n u a t i o n of 
Run 4B 

7 P y r i d i n e Atmospheric 24 P r e s u l f i d e d a f t e r 
e x t r a c t i o n 

8 P y r i d i n e 0.63 
1.00 
1.36 

0. 
1. 
1. 

,92 
,00 
,06 

5 
17 
7.5 

A f t e r e x t r a c t i o n , 
c a t a l y s t was 
removed, washed 
w i t h acetone, d r i e d , 
reloaded and s u l f i d e d 

9 -- -• P r e s u l f i d e d only 
(No E x t r a c t i o n ) 

10 P y r i d i n e Atmospheric 12 E x t r a c t e d , d r i e d i n 
oven loaded and 
s u l f i d e d 

11 co 2 1.14 1. .06 22 Batch 

12 co 2 0.93 1. ,05 13 Semi-Batch 

13 co 2 0.95 1. .06 8 Flow e x t r a c t i o n 
f o l l o w e d by 
s u l f i d a t i o n 

14 so 2 0.05 1. .05 8 Batch e x t r a c t i o n s 

15 so 2 

+ 
P y r i d i n e 

2.22 

0.05 

1. 

1. 

.04 

.75 

4 

4 

P y r i d i n e e x t r a c t i o n 
f o l l o w e d by S0 2 

e x t r a c t i o n 

* Tetrahydrofuran 
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9. SEAPAN & GUOHUI Decoking and Regeneration of a Hydrotreating Catalyst 85 

were conducted at s i m i l a r pressures and temperatures, but f o r 8 and 
22 h p e r i o d s . The c a t a l y s t from 8 h e x t r a c t i o n was f u r t h e r 
s u l f i d e d w i t h a 5% H 2S i n H 2 gas to study the e f f e c t of c a t a l y s t 
s u l f i d a t i o n . T e t r a l i n hydrogenation a c t i v i t y was not changed 
measurably i n any of these cases. Q u i n o l i n e HDN a c t i v i t y was 
s l i g h t l y reduced i n the p l a i n carbon d i o x i d e e x t r a c t i o n s and 
s l i g h t l y improved when the c a t a l y s t was s u l f i d e d a f t e r 
e x t r a c t i o n . This i n d i c a t e d that carbon d i o x i d e has no p o i s o n i n g 
e f f e c t on the c a t a l y s t . 

Several c a t a l y s t r egeneration experiments were conducted w i t h 
p y r i d i n e as the s o l v e n t u s i n g d i f f e r e n t e x t r a c t i o n c o n d i t i o n s and 
the c a t a l y s t a c t i v i t i e s were measured. The c o n d i t i o n s of c a t a l y s t 
e x t r a c t i o n s are l i s t e d i n Table I I and the s t a b i l i z e d a c t i v i t i e s of 
the c a t a l y s t s a f t e r 5-6 h of a c t i v i t y t e s t s are shown i n Figures 2 
and 3. The c a t a l y s t c h a r a c t e r i s t i c s were examined only i n one run, 
which are shown i n Table I I I . 

Table I I I . E f f e c t of E x t r a c t i o n on C a t a l y s t C h a r a c t e r i s t i c s 

Run # Solvent Coke Content Pore Volume Surface Area 
3 2 Wt% cm /g cm /g 

C a t a l y s t as Received 17. .5 0. ,17 106 

4 P y r i d i n e 14. .3 0. ,22 119 

12 co 2 11. .0 0. ,22 137 

14 so 2 10, .3 0. .23 129 

15 P y r i d i n e 
+ 

so 2 

8, .1 0. .22 132 

In run 4A, the c a t a l y s t a f t e r Soxhlet e x t r a c t i o n w i t h p y r i d i n e 
f o r 24 h was loaded i n the r e a c t o r and f u r t h e r e x t r a c t e d under a 
reduced temperature of about 1.0 and at s u c c e s s i v e l y i n c r e a s i n g 
reduced pressures of 1.02, 1.36, and 1.85 f o r 5, 3, and 3 h 
r e s p e c t i v e l y . The c o l o r of the e x t r a c t was monitored d u r i n g t h i s 
process. The f i r s t e x t r a c t had a moderately dark brown c o l o r , 
which turned i n t o y e l l o w a f t e r 5 h. When the pressure was 
increased, the c o l o r of the e x t r a c t became brown again which 
g r a d u a l l y changed to l i g h t brown i n 3 h. The l a s t increase of 
pressure caused a major darkening of the c o l o r of the e x t r a c t , 
f o l l o w e d by a l i g h t e n i n g of c o l o r i n 3h. S u p e r c r i t i c a l e x t r a c t i o n 
removed more coke than s u b c r i t i c a l e x t r a c t i o n and the extent of 
coke removal depended on the d u r a t i o n and s e v e r i t y of c o n d i t i o n s of 
e x t r a c t i o n . This process reduced the coke content of the c a t a l y s t 
from 17.5% to 14.3%, a r e d u c t i o n of about 18% i n the coke content 
of the c a t a l y s t . The coke was p r i m a r i l y removed from pores of 8 to 
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>-
O z 
UJ 

o 
111 
cn 

Characteristic 
Surface Area, m2/g 
Pore Volume, cm3/g 
Percent Coke, Wt. % 

As Received 

106 
0.17 
17.5 

AS RECEIVED 

~i r 
Extracted 
(Run 12) 

137 
0.22 

11 

EXTRACTED 

6 8 10 
PORE DIAMETER, nm 

12 14 

Figure 1. E f f e c t s of CO2 E x t r a c t i o n on C a t a l y s t C h a r a c t e r i s t i c s . 

3 8 0 ° C * 

3 7 0 ° C 

30 h SCE + Acetone Wash + Dry + Presulfide 

12h Atm. Ext. + Dry + Presulfide (Run 10) 

Presulfide - No Extraction (Run 9) 

24h Atm. Ext. + Presulfide (Run 7) 

24h Atm. Ext. + tin SCE (Run 4A) 

I 
24h Atm. Ext. (Run 4B) 

9h SCE (Run 3A) 

As Received (Run 3B) 

_!_ 
5 10 15 20 

% HYD OF TETRALIN 

25 30 

Figure 2. E f f e c t s of P y r i d i n e E x t r a c t i o n on Hydrogenation 
A c t i v i t y of C a t a l y s t . 
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9. SEAPAN & GUOHUI Decoking and Regeneration of a Hydrotreating Catalyst 87 

12 nm, r e s u l t i n g i n a bimodal pore s i z e d i s t r i b u t i o n f o r the 
e x t r a c t e d c a t a l y s t . Consequently, the pore volume and surface area 
inc r e a s e d to 0.22 cm^/g and 119 m /g r e s p e c t i v e l y . As Figures 2 
and 3 show the change i n the hydrogenation a c t i v i t y of the c a t a l y s t 
was i n s i g n i f i c a n t , w h i l e the c a t a l y s t l o s t i t s HDN a c t i v i t y from 
approximately 90% to 50%. This showed the s t r o n g p o i s o n i n g e f f e c t 
of p y r i d i n e e x t r a c t i o n . 

As Figure 2 shows, n e i t h e r e x t r a c t i o n w i t h p y r i d i n e (runs #3 
and #4) nor s u l f i d a t i o n (runs #7 and #9) had any s i g n i f i c a n t e f f e c t 
on the hydrogenation a c t i v i t y of the c a t a l y s t . Only i n run #8 
where the p y r i d i n e e x t r a c t e d c a t a l y s t was washed w i t h acetone, 
d r i e d , and p r e s u l f i d e d , the g a i n i n hydrogenation a c t i v i t y became 
s i g n i f i c a n t . S i m i l a r phenomena were observed f o r the c a t a l y s t HDN 
a c t i v i t y , as shown i n Figure 3. E x t r a c t i o n w i t h p y r i d i n e reduced 
the HDN a c t i v i t y of the c a t a l y s t by p o i s o n i n g of the HDN s i t e s . A 
comparison of runs 3B, 3A, 4B and 4A of Figure 3 shows th a t the 
c a t a l y s t HDN a c t i v i t y decreased w i t h an increase i n the t o t a l 
c a t a l y s t - p y r i d i n e contact time. However, removal of the adsorbed 
p y r i d i n e by s u l f i d a t i o n (run #7) or by washing w i t h acetone and 
subsequent s u l f i d a t i o n of c a t a l y s t (run #8) increased the c a t a l y s t 
HDN a c t i v i t y to about 90%. In summary, these a c t i v i t y t e s t s showed 
tha t even though p y r i d i n e can remove some of the coke from 
c a t a l y s t , i t can poison the d e n i t r o g e n a t i o n s i t e s of the 
c a t a l y s t . Therefore any c a t a l y s t decoking by p y r i d i n e should be 
f o l l o w e d by a p y r i d i n e removal process. 

E x t r a c t i o n of c a t a l y s t w i t h s u l f u r d i o x i d e at a reduced 
pressure of 0.05 and a reduced temperature of 1.05 r e s u l t e d i n a 
r e d u c t i o n i n coke content of c a t a l y s t from 17.5% to 10.3%, which 
incr e a s e d the pore volume and surface area to 0.23 cm /g and 129 
m /g r e s p e c t i v e l y (run #14). When the c a t a l y s t was f i r s t e x t r a c t e d 
w i t h p y r i d i n e then w i t h s u l f u r d i o x i d e , the coke content was 
reduced to 8.1%, which represents a 54% r e d u c t i o n i n the coke 
content of the c a t a l y s t (run #15). The coke was again p r i m a r i l y 
removed from the pores of about 10 nm, r e s u l t i n g i n a bimodal 
d i s t r i b u t i o n of pores i n the regenerated c a t a l y s t , as shown i n 
Figure 4. The c a t a l y s t a c t i v i t i e s d i d not s t a b i l i z e i n the 6 h 
experiments conducted a f t e r these e x t r a c t i o n s , however the general 
tre n d showed an increase i n the HDN a c t i v i t y and i n s i g n i f i c a n t 
gains i n the hydrogenation a c t i v i t y of the c a t a l y s t . 

In summary, e x t r a c t i o n w i t h carbon d i o x i d e , p y r i d i n e and 
s u l f u r d i o x i d e can remove the coke from c a t a l y s t . The amount of 
coke removed depends on the e x t r a c t i o n temperature, pressure and 
d u r a t i o n . Consecutive e x t r a c t i o n s w i t h two s o l v e n t s appear to 
remove more coke than the i n d i v i d u a l s o l v e n t s do. A d s o r p t i o n of 
c e r t a i n s o l v e n t s on the c a t a l y s t during e x t r a c t i o n can poison the 
c a t a l y s t . Therefore, i f p o i s o n i n g s o l v e n t s are used f o r decoking, 
t h e i r remains must be removed from the e x t r a c t e d c a t a l y s t to 
r e s t o r e the c a t a l y s t a c t i v i t y . 

I n two of these e x t r a c t i o n experiments (runs #8 and #15), i n 
a d d i t i o n to coke r e d u c t i o n the s i l i c a f o u l a n t of the c a t a l y s t was 
a l s o removed as g l a s s y white f i n e powder. I n these cases, the 
c a t a l y s t , a f t e r e x t r a c t i o n w i t h p y r i d i n e , was e i t h e r washed w i t h 
acetone or e x t r a c t e d w i t h s u l f u r d i o x i d e . Obviously, when the 
e x t r a c t i o n i s severe the s t r u c t u r e of coke d i s i n t e g r a t e s , a l l o w i n g 
the loosened f o u l a n t p a r t i c l e s to be separated from the c a t a l y s t . 
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88 CHARACTERIZATION AND CATALYST DEVELOPMENT 

3 8 0 ° C < 

3 7 0 ° C -

30h SCE + Acetone Wash + Dry + Presulfide 

12h Atm. Ext. + Dry + Presulfide (Run 10) 

Presulfide - No Extraction (Run 9) 

24h Atm. Ext. + Presulfide (Run 7) 

24h Atm. Ext. + 11h SCE (Run 4A) 

24h Atm. Ext. (Run 4B) 

9h SCE (Run 3A) 

As Received (Run 3B) 

13 
0 20 40 60 80 100 120 

% HDN OF QUINOLINE 
Figure 3. E f f e c t s of P y r i d i n e E x t r a c t i o n on HDN A c t i v i t y of 
C a t a l y s t . 

> 
O z 
UJ 
D o 
UJ 
cc 

Characteristic As Received 
SO2 - Ext. S02/Pyridine Ext. 

(Run 14) (Run 15) 
Surface Area, m 2 /g 106 
Pore Volume, cm3/g o.17 
Coke Content, Wt. % 17.5 

129 
0.23 
10.3 

132 
0.22 
8.1 

SO2 - EXTRACTED SO2/PYRIDINE 
EXTRACTED 

6 8 10 12 
PORE DIAMETER, nm 

14 16 

Figure 4. E f f e c t s of S02/Pyridine E x t r a c t i o n on C a t a l y s t 
C h a r a c t e r i s t i c s . 
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Conclusions 

1. S u p e r c r i t i c a l f l u i d e x t r a c t i o n i s a p o t e n t i a l l y v i a b l e 
technique i n removing carbonaceous coke deposits from 
h y d r o t r e a t i n g c a t a l y s t s . 

2. Tetrahydrofuran i s not a good so l v e n t f o r coke removal, but 
p y r i d i n e , carbon d i o x i d e , and s u l f u r d i o x i d e , can remove 
s i g n i f i c a n t amounts of coke from the c a t a l y s t s . The extent of 
coke removal depends on du r a t i o n and s e v e r i t y of e x t r a c t i o n . 
In the best case, 54% of the c a t a l y s t coke was removed from a 
spent h y d r o t r e a t i n g c a t a l y s t . This was achieved by a 
s u p e r c r i t i c a l p y r i d i n e e x t r a c t i o n f o l l o w e d by a s u b c r i t i c a l 
s u l f u r d i o x i d e e x t r a c t i o n . 

3. I n a d d i t i o n to coke removal, i n two s e v e r e l y e x t r a c t e d cases, 
the s i l i c a f o u l a n t of the c a t a l y s t c o u l d a l s o be removed from 
the c a t a l y s t . 

4. P y r i d i n e e x t r a c t i o n poisons the c a t a l y s t , reducing i t s HDN 
a c t i v i t y . Removal of the adsorbed p y r i d i n e by acetone or 
a c i d i c gases such as s u l f u r d i o x i d e can regenerate the HDN 
a c t i v i t y . 
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Chapter 10 

A Philosophy for Testing 

W. H . Flank1 

Molecular Sieve Technology Department, UOP, Tarrytown, NY 10591 

What do we usually do when we want to test or evaluate something? 
Al l too often, we attempt to compare some selected data of interest 
for a given material or process with other presumably comparable or 
similar data. These data can be for materials or processes about 
which we think we know something, or in which we are also 
interested. A minimal degree of structuring is commonly employed, 
and there are numerous p i t f a l l s that must be avoided if the 
conclusions drawn are to be worth very much. 

Is there a better way? Of course there i s , and I shall try to 
describe some guidelines to use. Much of what should be done, takes 
place before "going into the lab"; each step along the way should 
be planned in advance, and should be part of a coherent overall 
strategy. The process comprises a hypothesis, a testing protocol 
that has been constructed to meet perceived needs, collecting of 
meaningful responses, analysis of those responses in a number of 
ways, and extracting significant conclusions. 

The Hypothesis 

A formal hypothesis can be constructed, as is often taught in 
graduate research or statistics courses. This usually takes the 
form of a null hypothesis, for arcane reasons. A question of some 
sort needs to be posed, so that the objective of the testing 
program is clear. The question can have a yes-or-no answer, or a 
quantitative one. The terms under which the question will be 
answered should be set before, and not after, the results are seen, 
to avoid compromising the unbiased nature and reliability of the 
conclusions. It is often the case that the criteria for proving or 
disproving the hypothesis are changed after the fact to accommodate 
poor data or a pre-conceived conclusion, and this should be avoided 
by setting specific criteria in advance. 

The question or questions that are posed need to be amenable 
to empirical testing, preferably by a designed experiment. A 
carefully designed small set of experiments will almost always be 
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10. FLANK A Philosophy for Testing 93 

more reliable and tell you more than endless reams of historical 
data that are not where you want them and were not carefully 
obtained under the conditions you wanted or even know about. 
One should also seek to define the effects of truly independent and 
uncoupled variables. It is all too easy to define inappropriate 
variables that are convenient to measure, or to pick ones that 
cannot readily be controlled and are defined in an after-the-fact 
manner. Careful attention to the concept of causality is needed. 

The Testing Protocol 

If the relevant variables are well-established, or the hypothesis 
to be tested is very narrowly drawn, then only the ranges of 
interest need be chosen. The number of levels to be tested within 
that range is a function of the degree of confidence that is to be 
required for the conclusions, the anticipated sensitivity of a 
response to a given variable, the expected degree of linearity of 
the response, and the variability of the measurement process or 
processes employed as distinguished from the degree of control of 
the variables themselves. 

If the relevant variables are not well-established, or if one 
is not willing to just assume that they are, an initial screening 
design can be employed. These usually involve a saturated 
factorial design in the simplest cases, with the size of the set of 
experiments depending on the number of variables to be screened for 
significance. Since in theory (n-1) variables can be tested for 
main effects (but not interaction effects) in (n) experiments, a 
large number of possibly significant factors can be examined to 
cover almost all the possibilities. Once the significant main 
effects have been identified, blocks of experiments can be devised 
to more fully define the responses of the system of interest to the 
key variables and their interactions. 

In all of the steps in the testing process, it is important 
to set the levels of confidence that are to be used. The degree 
of risk that the wrong conclusion will be reached needs to be 
weighed carefully, and a choice needs to be made in advance. That 
choice will often determine the number of experiments to be 
performed, the way in which the responses will be measured, and the 
way the data are analyzed and conclusions drawn from them. 

There are two types of risk that must be considered in 
choosing a confidence level by which results are assessed. There 
is the risk of rejecting the formal null hypothesis when it should 
be accepted, commonly referred to as the alpha or seller's risk. 
If we reduce this by specifying a very high confidence level 
requirement, then we increase the risk of failing to detect a real 
change or difference. There is also the risk of accepting the null 
hypothesis when it should be rejected, commonly called the beta or 
buyer's risk. Setting a significance level for the beta risk 
requires a specification of the magnitude of the difference that we 
desire to detect. This risk is usually reduced by increasing the 
size of the test set. 

It should be obvious that, for a given set size, decreasing 
the likelihood of one of these risks necessarily involves an 
increase in the likelihood for the other risk. The only way both 
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94 CHARACTERIZATION AND CATALYST DEVELOPMENT 

risks can be reduced is to increase the size of the data set to be 
evaluated. If, however, one type of risk is deemed more serious 
than the other, then either an increase in required confidence 
level or a reduction in the sensitivity for difference detection 
can accordingly be chosen. 

In sum, a block or set of experiments should be designed to 
answer defined and structured questions, in the form of hypotheses, 
at a given cost in time and money, and with a given degree of 
reliability. Testing protocols can range from the disarmingly 
simple to the bizarrely complex, but they all have these features 
in common, either explicitly or implicitly, and they are all 
constructed before "going into the lab." They can also vary 
considerably in degree of formality, and they can be linked in both 
serial and parallel configurations, but they should not merely 
investigate single points in experimental space or fixed sets of 
conditions that are resolutely applied no matter where the optima 
l ie. These last sins are all too commonly found. 

Responses 

Cause-and-effect relationships should be chosen for investigation, 
rather than proxy ones or, as is so common, effect-and-effect 
ones. Levels should be selected for truly independent and 
uncoupled variables that will avoid either a vanishingly small or a 
swamping or overwhelming response that would mask or even 
obliterate some other response of importance or interest. This 
will sometimes necessitate the use of unconventionally designed or 
even unbalanced blocks of experiments. 

Responses should be relevant to the questions being asked, as 
well as being fairly easy to obtain. They should provide both 
necessary and sufficient answers to the questions being posed. An 
ambiguous response is a poorly designed one, from which it is often 
hard to salvage meaning, especially after the fact and after the 
deadline for decision. 

The evaluation methodology must be capable of providing 
statistically reliable results at the levels in which we are 
interested. The measurement processes that are used to obtain 
responses need to be robust in the sense that they are resistant to 
both determinate accidental and random perturbations. This 
requirement for robustness applies to the processes for producing, 
representatively sampling, and evaluating products, be they 
materials, processes or otherwise. 

Analysis of Responses 

One of the most important things to define is the sensitivity of a 
result to a given variable. If an inappropriate level is chosen at 
which to define a response, the conclusions can easily be 
misleading at best. It is also necessary to define sensitivities 
with respect to different levels for relevant co-variables as 
well. A comprehensive analysis will examine interaction effects 
and identify regions in experimental space where strong curvature 
exists. The possibility of strong two-factor and, rarely, 
three-factor interactions cannot be ignored. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

0



10. FLANK A Philosophy for Testing 95 

Where the range covered for a given variable is large and the 
number of levels chosen for investigation is small, it is easy to 
miss maxima or minima. Even more severe than the problems of 
interpolation between large gaps in data are the pitfalls of 
extrapolation. The linearity of a dependence, or, if not linear, 
its monotonic behavior, may hold for only a limited region, or be 
strongly affected at different levels for other variables. The 
high risks in "going beyond the data" should be self-evident, even 
if frequently ignored. 

What is very often neglected in analyses of data is the 
significance of the results in both the practical and statistical 
senses. Has the right question been answered in a meaningful way? 
What is the statistical significance associated with that answer? 
In almost all cases, a number by itself is relatively meaningless 
unless some estimate is available for the uncertainty in that 
number. Even a yes-or-no answer is generally derived from a 
numerical result, and that result has a certain amount of 
uncertainty associated with it. The significance of the difference 
between two or more test results is what is invariably missing in 
most data comparisons. 

There are three components in the uncertainty surrounding a 
given numerical result. One is due to variation in the process by 
which the test sample was produced, another is due to sampling 
variability, and the third is due to the measurement process by 
which the result was obtained. Due attention must be paid to all 
of these, for maximum reliability in the conclusions based on that 
result. It should be obvious that good data don't cost so much as 
they pay! 

Drawing Conclusions 

The reliability or degree of confidence that can be associated with 
the conclusions that are drawn should be determined and reported, 
preferably in unambiguous statistical terms. Not much can be 
gleaned from such statements as "the results are good to plus or 
minus 1%", "the difference is known within 5%", or "the average 
value is 30." "The product failed" is even worse, because almost 
everything is left to the imagination. Defined terms like 2S% 
repeatability, or least significant difference, or level of 
significance should be employed, together with information on 
sample or set sizes and confidence levels used. Whether the 
reliability changes or is constant with magnitude of the result 
needs to be determined. In cases where there are linked 
conclusions, the overall confidence level is generally reduced to 
the product of the individual confidence levels. 

Conclusions should always be tempered by the possible 
importance of untested or uncontrolled variables, and by the risks 
assumed in the testing protocol. The problem of outlying values 
and their effects needs to be considered also. Retrospective 
correlations of historical data are frequently employed with no 
consideration of weighting for unbalanced distributions, with the 
result that one often ends up with merely a mathematical 
description of random error. Finally, as noted above, there is the 
danger of comparisons at fixed points, or at fixed sets of 
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96 CHARACTERIZATION AND CATALYST DEVELOPMENT 

conditions that are either inappropriate or sub-optimal for one or 
more of the members of the comparison set, or at conditions that 
are not really comparable. 

If all of the cautions and constraints described above are 
addressed, the final results would comprise part of a very small 
minority of studies whose conclusions are well nigh unassailable. 

Several examples can be described to illustrate some of the 
points that have been discussed. 

Example 1. The surface area of a pair of zeolite samples was 
compared, and Sample A was higher than Sample B by 685 to 663 
m2/g. Questioning uncovered the fact that the measurements were 
made at an inappropriate relative pressure of 0.30, and when the 
measurements were re-done at p/pQ = 0.03, the results were 
862 m2/g for Sample A and 874 m2/g for Sample B. This caused a 
reversal in the conclusion reached concerning which was the better 
sample, until it was recognized that the results were statistically 
indistinguishable. Since the least significant difference between 
pairs of results from this test, at the 95% confidence level, was 
about three times the measured difference, it was clear that the 
only way to definitively determine which was the better sample was 
to perform a series of replicate determinations, rather than 
relying on a comparison of single values. 

Example 2. Deactivation curves for two catalyst samples 
equivalent in most every other way were measured as a function of 
severity of temperature treatment. Catalyst A showed very l i t t le 
deactivation at lower temperatures, but performance dropped off 
sharply beyond a critical temperature. Catalyst B, whose initial 
activity was lower, declined gradually with increasing treatment 
temperature out to very high temperatures, and the curve crossed 
over that of Catalyst A before the rate of deactivation began to 
accelerate. If one assumes that higher treatment temperature is a 
proxy for longer time in the unit, then one is led to a different 
conclusion than if one assumes that higher activity at treatment 
temperatures more closely approximating those actually found in a 
reactor unit is the key measure. 

Another way to assess these catalysts is to evaluate 
deactivation as a function of time at different levels of treatment 
temperature, according to a simple design. If one employs a very 
high temperature, Catalyst B is invariably more active than 
Catalyst A while, at a low temperature, Catalyst A is invariably 
more active than Catalyst B. If a treatment temperature is 
selected such that it is only somewhat higher than the intended 
reactor temperature, and the catalyst activity shows a measure-
able decline with time, corresponding to an accelerated aging test, 
then it can be observed in a reasonable testing time whether the 
deactivation curves will cross or not. Integration of the areas 
under the two curves between specified limits will show which 
catalyst is the better choice in a given situation. 

Example 3. In attempting to make meaningful selectivity 
comparisons between FCC catalysts using pilot unit test data, the 
testing program must be carefully designed. Several specific 
criteria must be met: 
a. Selectivity comparisons must be conducted at identical 

operating conditions, with these conditions providing 
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10. FLANK A Philosophy for Testing 97 

equivalent conversion levels for each catalyst. It is not 
sufficient merely to achieve equivalent conversion levels, 
because the conditions employed to do this may not be as 
easily achievable in a commercial unit, which generally has a 
restricted range of operating conditions. 

b. The required equivalent conversions at constant operating 
conditions are achieved by a combination of steam deactiva-
tation conditions and zeolite content that is unique for each 
zeolite material and must be empirically defined. 

c. The deactivation conditions chosen must simulate as closely as 
possible the condition of equilibrium catalyst in a commercial 
unit for which the product is intended. Appropriate 
conditions must be determined for each formulation used. 

d. The conditions that are optimum for each test unit - feedstock 
combination must be defined. These conditions are found by 
varying the evaluation severity and generating yield-
selectivity data. Optimum conditions are then used for the 
selectivity comparisons at constant conversion. 
If these criteria are not met, artif icial differences may 

be created that will be misleading, and real differences may be 
compressed into insignificance. This can easily happen if 
activity levels are matched in ways that do not reflect the 
limited range of operating conditions available in a heat-
balanced commercial cat cracker. This point can't be 
emphasized too strongly. 

Intrinsically low-activity catalysts can be made to appear 
artif icially attractive, and high-activity catalysts can be 
made to appear relatively non-selective, with real differences 
being made small enough to be lost in the data scatter. If a 
catalyst is too severely deactivated, it will appear overly 
selective, and if it is insufficiently deactivated, over-
cracking and poor selectivity may result. Low-activity 
catalysts can artif icially be made to achieve higher conversion 
levels by a change in catalyst-to-oil ratio that is outside the 
operating capabilities of a commercial heat-balanced unit. It 
is thus possible to make a low-activity catalyst appear more 
attractive than higher-activity catalysts. Proper testing 
control is therefore essential for meaningful comparisons 
between catalysts. 

Example 4. In comparing rare earth exchanged FCC 
formulations derived from ultrastable Y zeolite and ammonium 
fluorosi1icate-treated Y zeolite, it is necessary to look at 
comparison curves rather than fixed-value or single-point 
comparisons. If the conversion activity in a standard micro-
activity test is compared for these two zeolite materials 
exchanged with very low levels of rare earth cations and given 
equivalent steam deactivation treatments, the ultrastable Y 
form appears to be slightly more active. This difference can 
be shown to be statistically significant, even if not that 
significant in a practical sense. If, however, the comparison 
is made after exchange with high levels of rare earth cations, 
the AFS-treated Y form shows considerably better activity. 

But just making comparisons at low and high values for the 
rare earth exchange variable does not provide the complete 
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98 CHARACTERIZATION AND CATALYST DEVELOPMENT 

picture. The iso:normal paraffin ratio, indicative of gasoline 
product quality, is almost the same for these two materials at 
high rare earth levels, and favors the AFS-treated zeolite at 
low rare earth levels. Superficially, then, the conclusion 
echoes a familiar story: You can trade off activity for 
selectivity, and vice versa, but you can't get both at the same 
time. However, if an intermediate level of rare earth exchange 
for these two materials is investigated, a window of opportu
nity is defined within which it is possible to achieve both 
higher conversions and higher iso:normal paraffin ratios with 
the AFS-treated zeolite. It turns out, then, that with careful 
attention to the way in which you go about the catalyst testing 
process, you can indeed "both have your cake and eat it too." 

R E C E I V E D April 27, 1989 
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Chapter 11 

Ten Guidelines for Catalyst Testing 

Frits M . Dautzenberg 

Catalytica, 430 Ferguson Drive, Mountain View, C A 94043 

This paper presents ten guidelines for an effective catalyst research 
program. The guidelines were devised specifically for scientists in
vestigating catalysts in laboratory-scale equipment. These 
guidelines include identifying the objectives, planning an effective 
strategy, selecting the appropriate reactor, establishing an ideal 
flow pattern, ensuring isothermal conditions, diagnosing and mini
mizing transport disguises, gathering meaningful data, assessing 
catalyst stability, following good experimental practice, and 
providing perspective on results. The guidelines represent years of 
experience rather than a review of the literature. They will help 
newcomers to the field operate effectively and will give ex
perienced researchers new insights to current and future situations. 

An abundance of literature describes how experimental rate data and insights into 
catalytic chemistry help us understand reaction mechanisms, formulate improved 
catalysts, and generate kinetic models. However, this literature typically is 
oriented toward engineering and is beyond the needs of most scientists investigat
ing catalysts in laboratory-scale equipment. 

This paper provides valuable advice on catalyst testing in a research set
ting. It focuses on two key requirements for an effective catalyst research pro
gram: (1) how to obtain reliable data and (2) how to do this with a well-conceived 
strategy. This paper also promotes an awareness of the impediments to reliable 
measurements of catalytic activity, the appropriate steps to overcome these inter
ferences, and the special situations in which assistance of a reactor engineering 
specialist is needed. The overall emphasis is on catalyst testing rather than on 
reactor engineering. With these objectives in mind, the following " ten command
ments" were formulated. 

I. Specify Objective 
It is important to define the objective of the envisioned catalyst testing program 
before starting the experiments. During preliminary screening, many catalysts are 

0097-6156/89/0411-0099$06.25/0 
© 1989 American Chemical Society 
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100 CHARACTERIZATION AND CATALYST DEVELOPMENT 

rated in relatively simple reactors, and easily determined performance parameters 
are measured. Few candidate catalysts go beyond this stage. This preliminary 
catalyst screening is generally followed by determining the key parameters that 
influence the reaction. Subsequently, the candidate catalysts are compared in 
more detail. 

When a catalyst with practical potential is identified, further experimenta
tion usually includes characterization of the reaction mechanism and kinetic meas
urements. More careful experimentation and higher accuracy are increasingly 
important. Subsequendy, catalyst life tests may be required, preferably in a simu
lated industrial environment, to determine the long-term catalyst behavior. This 
may necessitate optimization of reaction conditions and further catalyst 
improvements. 

Knowing how the catalyst will react in an industrial environment is 
required to assess how scale up will affect the catalyst performance. This informa
tion also will optimize the industrial reactor design. Many times pilot plants are 
the only source for this information. 

These stages of a catalyst research and development program are usually 
sequential and are obviously subject to iteration. Because time and resource 
allocation usually increase with each iteration, it is beneficial to identify the 
specific objective, which will influence equipment selection, experimental 
strategy, and required accuracy. 

H. Use Effective Strategy 
Well-designed, appropriate experimental strategies will greatly enhance the effec
tiveness of a laboratory testing program. Statistically derived experimental 
strategies developed over recent decades provide the following benefits: 

More information per experiment 

Key variables isolated early 

Valid conclusions despite experimental uncertainty 

Built in procedures to check the validity of conclusions 

• Interactions among variables detected 

Significant time savings 

• Organized collection and presentation of results 

• Up front estimate of required number of experiments 

The recommended strategy depends on the available information and the 
objective of the catalyst testing program. In exploratory programs it is important 
to establish which of the many variables (e.g., temperature, pressure, pretreatment 
conditions, catalyst preparation method) will have the greatest influence on 
catalyst performance. Factorial designs are recommended for such situations (7). 
Beyond simply identifying the key variables, one usually wants to know quantita
tively how the variables affect catalyst performance. The required mathematical 
relationships can be generated by regression methods (2). In other situations one 
may want to know what combination of values of the key variables leads to 
optimum performance. Optimization strategies can quickly lead to this result (3). 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 101 

Table I compares results achieved when seven variables that may affect 
the performance of a particular catalyst were tested one-at-a-time with results 
from a statistical design (fractional factorial) approach. In this comparison, a shift 
in measured performance is assumed to be real if it represents at least twice the 
uncertainty of the measuring technique. The one-at-a-time strategy, still prevalent 
among many catalyst researchers, requires 48 experiments to determine with 95% 
confidence which variables significantly impact catalyst performance. Whereas, 
with the fractional factorial approach, this same information was obtained in only 
16 experiments with a 98.5% confidence level. The fractional factorial approach 
also shows possible interactions among the variables; the classical one-at-a-time 
approach does not. 

Table I. Statistical Design versus One-Variable-at-a-Time Approach 
Fractional 

One-at-a-time factorial 
strategy design 

Number of variables 7 7 

Experiments required 48 16 

Confidence level 95% 98.5% 

Information about interac- No Yes 
tions 

Note: Real effect is 2X experimental uncertainty 

Many catalyst researchers are unaware of the potential benefits of statisti
cal design of experiments. Others have had unfortunate experiences with so-
called designed experiments because they underestimated the influence of 
experimental uncertainties on the reliability of the conclusions. In both cases 
familiarity with the fundamentals of statistical inference in the experimentation 
strategy is beneficial (4). Statistically derived strategies can certainly offer many 
important benefits, although they obviously cannot replace creativity or sound 
technical judgment. 

HI. Select Appropriate Reactor 
Selection of the laboratory reactor requires considerable attention. There 

is no such thing as a universal laboratory reactor. Nor should the laboratory reac
tor necessarily be a reduced replica of the envisioned industrial reactor. Figure 1 
illustrates this point for ammonia synthesis. The industrial reactor (5) makes effec
tive use of the heat o f reaction, considering the non-isothermal behavior of the 
reaction. The reactor internals allow heat to exchange between reactants and 
products. The radial flow of reactants and products through the various catalyst 
beds minimizes the pressure drop. In the laboratory, intrinsic catalyst characteriza
tion is done with an isothermally operated plug flow microreactor (6). 

Generating the desired information in a reliable and reproducible manner 
is a leading criterion in selecting a laboratory reactor. This is not a straightforward 
exercise, and many factors must be considered such as the purpose of the 
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102 CHARACTERIZATION AND CATALYST DEVELOPMENT 

experiment, the physical nature of the reaction system, the ease of construction 
and operation, cost efficiency, and the integrity and evaluation of the resulting 
data. Often the laboratory reactor must be capable of continuous, steady-state 
operation under conditions of isobaricity, isothermality, ideal flow, and without 
concentration gradients. These elements will be discussed in more detail later in 
this paper. 

For the reasons outlined above, continuously stirred tank reactors (CSTR) 
and plug flow reactors (PFRs) are usually preferred over batch, fluidized-bed, 
bubble column, and trickle-bed reactors. Batch reactors, although still popular in 
many laboratories, are not well suited for kinetic investigations. It is impossible to 
uncouple the main reaction kinetics from deactivation, and it is difficult to deter
mine the actual reaction time. The complex hydrodynamics in fluidized-bed and 
bubble column reactors do not permit accurate assessment of intrinsic catalyst 
behavior. Expert assistance is required to interpret process conditions. Laboratory-
scale trickle-bed reactors can be designed to compare catalysts. They are also 
suitable for life testing of catalyst samples. However, laboratory-scale trickle-bed 
reactors are generally not good tools for determining reaction kinetics or for 
characterizing highly active catalysts. 

A CSTR is preferred for laboratory catalyst testing. Operated properly, a 
CSTR offers the following attractive features: 

Gradientless operation 

• Simple mathematical treatment of the data 

• Separation of reaction kinetics and deactivation parameters 

Uniform catalyst deactivation 

The PFR is efficient for screening solid catalyst in a single fluid phase. It 
can also be used in later research stages to assess commercial criteria. Consider 
the evaluation of the ultimate commercial performance of a newly developed 
fixed-bed catalyst. The theory of similarity teaches that for the laboratory and the 
industrial reactor, the Damkohler number (NDa), the Sherwood number (Nsh), 
and the Thiele modulus ((])) need to be kept constant (Figure 2). As a result, the 
laboratory reactor must have the same length as the envisioned commercial 
reactor (7). In this case, scale up is done by increasing the diameter of the reactor. 
This example further illustrates that laboratory reactors are not necessarily small 
in size. 

IV. Establish Ideal Flow Pattern 
Continuous reactors (8n/8t = 0) are characterized by the nature of their flow pat
tern, which lies between the ideal extremes of the plug flow and completely 
mixed patterns (Figure 3). These two patterns are called ideal because they enable 
reliable and straightforward treatment of data avoiding the radial and axial disper
sion terms in the continuity equation (#). Analyzing data from other than an ideal 
flow pattern requires complicated mathematical treatment, if possible at all, and 
should therefore not be used for laboratory testing (9). 
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Laboratory Microreactor 
Reactant 

I 

Catalyst 

Product 

Industrial Ammonia Reactor 

Reactant 

Catalyst 

~ Product 

Key Challenge: Accounting for the 
non-Isothermal behavior 

Figure 1. Comparison of a laboratory microreactor and envisioned industrial 
reactor for ammonia synthesis. 

Laboratory 
Prototype 
Reactor 

Characteristic 
Dimensionless 

Numbers 

Da 

Sh 

Commercial 
Reactor 

Figure 2. Schematic of prototype tube. 

Plug Flow: 

m R = Q dc 
dV 

Q, q 

0, c c 

Completely Mixed: 

Q 
R =Y ( ° 1 ' co) 

Q, C! 

Any Other Flow Pattern: 

D J _ i n , 3Qc n a 2c Q±jLtr<te\ 
H = V 3t 3V " U z 3z 2 " r 3r V 3 r / 

Figure 3. Effect of flow pattern on rate analysis. 
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104 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Even when plug flow or complete mixing is believed to prevail, great care 
must be exercised to ensure that the flow pattern is ideal. The diameter of the PFR 
must be at least 10 times the catalyst particle diameter. This eliminates the 
influence of the reactor walls on the flow pattern. Furthermore, axial gradients 
may exist by virtue of conversion. These effects are minimized by selecting the 
correct ratio of bed length to particle diameter (L/dp) (10,11). Table II gives the 
steps for calculating the required L / d p for laboratory fixed-bed reactors. 

According to Table II, much higher L/dp ratios are required in laboratory 
experiments than are expected from the established rule-of-thumb that L/dp > 50 
is usually acceptable. For fixed-bed reactors, L/dp > 50 is indeed a sufficient re
quirement, provided a particle Reynolds number (NRe) is 10 or above. In 
laboratory experiments the particle Reynolds numbers, however, are usually 
much smaller, and Re < 0.1 is more the rule than the exception. The literature 
does not stress this point sufficiently, which has led to confusion and many mis
conceptions. 

V. Ensure Isothermal Conditions 
In many laboratory situations, intrinsic kinetic parameters are obtained under 
isothermal conditions. This is extremely important because relatively small chan
ges in temperature can affect reaction rates significantly. Figure 4 shows how 
much the reaction rate will change for a 3 °C deviation as function of the activa
tion energy and the assumed operating temperature. 

Macrogradients in the reactor temperature may cause intrareactor 
gradients, which can cause deviations from isothermality (72). In addition to 
temperature gradients at the reactor level, temperature gradients (interphase 

gradients) can also occur at the boundary between the catalyst and the reactor 
fluid. With solid catalyzed reactions, such gradients may also occur within the 
catalyst particles. These gradients are called intraparticle gradients (Figure 5). 

Axial and radial gradients can be distinguished with respect to intrareactor 
temperature gradients. In fixed-bed reactors, axial temperature gradients always 
exist because of conversion. These gradients can be minimized by increasing the 
ratio of bed length to catalyst particle diameter, L/dp (see Table II). Radial 
temperature gradients probably cause unreliable data in plug flow reactors, which 
are attributable to the low effective thermal conductivity (13) of the catalyst bed. 
These intrareactor temperature gradients are nearly always more severe than inter
phase temperature gradients, which are generally more severe than intraparticle 
temperature gradients. The intraparticle temperature gradients are inconsequential 
because the effective thermal conductivity of the catalyst is usually larger than 
that of the surrounding fluid. In the catalyst particle, heat transfer occurs mostly 
by conduction through the solid phase. 

The extent to which catalyst activity measurements are disturbed by in
trareactor, interphase, and intraparticle effects of heat transport is assessed by 
evaluating experimental catalyst performance using the mathematical criteria in 
Table IH (72). 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 105 

Table II. Steps for Ensuring Plug Flow 
Operation in Laboratory Reactors 

1. Determine the viscosity of the fluid medium at reactor conditions. 

2. Calculate the superficial fluid velocity (u): 

3. Calculate the particle Reynolds number: 

u d_P 
N R = E -

4. Calculate the Peclet number: 

N P e - (0.034) N R C p ° ' 5 3 (^j (for liquid-phase operation) 

0 23 / L \ 

N P e = (0.087) N R e ^ * i^- j (for gas-phase operation) 
5. Calculate N NPe • 

N p = 8n In — i — 
r e m i n 1 - X 

6. Acceptable deviation from plug flow can be assumed if: 

N p e > N p e . 

7. The minimum L / d p follows from: 

jjp > (235.3) N R e ~ ° ' 5 3 n In f ~ ~ (for liquid-phase operation) 

and 

T~ > (92.0) N R p ~ ° ' 2 3 n In "j—^— (for gas-phase operation) 
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106 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Temperature (°C) 

Figure 4. Deviation in reaction rate for a 3 °C deviation at a given activation 
energy and temperature. 

Pore Structure 
(Intraparticle) 

Figure 5. Reactor and catalyst gradients application to a heterogeneous catalyst. 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 107 

The mathematical criteria compare functions A and B of observable or 
measurable parameters. If A < B, it can be assumed that the relevant temperature 
gradient may cause a <5% deviation of the reaction rate. One should, however, 
not accept a marginal satisfaction of the requirements, but rather look for an order 
of magnitude difference (e.g., B/A >10%). 

Mathematical criteria aid in understanding what reactor system features 
can be manipulated to achieve better isothermal control. Based on this, the follow
ing recommendations can help establish isothermal catalyst testing: 

• Use CSTR if possible 

• Work at low conversion levels 

• Use small catalyst particles 

• Decrease bed voidage 

Select catalyst support with high thermal conductivity 

• Add feed diluent with high thermal conductivity (H2 and He above 
500 K) 

• Apply high flow rates 

VI. Diagnose and Minimize Transport Disguises 
In investigating heterogeneously catalyzed reactions, an important, early objec
tive is to determine whether intrinsic catalyst properties have been measured. 
Heat or mass transfer effects, caused by intrareactor, interphase, or intraparticle 
gradients (see Figure 5), can disguise the results and lead to misinterpretations. 
Before accurate and intrinsic catalyst kinetic data can be established, these dis
guises must be eliminated by adjusting the experimental conditions. 

In a well-stirred CSTR, intrareactor gradients will be absent, but inter
phase and intraparticle gradients may be present. Conversely, in a fixed-bed PFR 
with small catalyst particles, intraparticle gradients may be eliminated, although 
intrareactor gradients still occur. 

The following experimental tests can be performed to determine whether a 
certain gradient is important (5). The tests are relatively simple and require no 
a priori assumptions or estimates of numerical values. 

In a flow system, the flow rate can be varied while the space velocity is 
kept constant (Figure 6). If the conversion remains constant, the in
fluence of interphase and intrareactor effects may be assumed to be negli
gible. A similar test can be done in a CSTR. In that case the absence of 
interphase and intrareactor effects can be assumed if the reaction rate is 
independent of the rate of agitation. 

• Changing catalyst particle sizes can be used to test intraparticle effects 
(Figure 7). If there is no change of catalyst activity with change in par
ticle size (assuming the exposed surface area of active catalyst is con
stant), the catalyst is considered to be free of intraparticle gradients. 

Koros and Nowak (14) proposed an alternative but more complex test. 
The test is based on the proportionality of the reaction rate to the number 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table III. Criteria for Isothermal Operation 

Intrareactor 

frHl R v r t

2

 < Q 2 R T , 

k b T w 

Interphase 

| A H | R'p r R T b 

< 0.15 
h T F b * 

Intraparticle 

| A H | R ' p p r p

2 R T S 

< 0.75 
k p T s E 

Source: Reproduced w i t h permission from 
r e f . 12. Copyright 1971 Academic. 

Volume: 1 
c o 
'55 i» a> 
> c o O 

Flow: F1 2F 
Velocity: u1 2u 

i 3F, 4F, 

No interphase 
diffusion 
limitations 

Fixed Contact Time 

Figure 6. Diagnostic tests for interphase (external) transport limitation. 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 109 

of catalyst sites only in the kinetic regime (Figure 8). Koros and Nowak 
suggested that catalysts with a different number of active sites but similar 
diffusional properties be prepared either by pelletizing mixtures of 
catalyst particles with inert powder or by impregnating the catalyst with 
different amounts of the active component. Because some reactions are 
structure sensitive, their intrinsic activity depends on the crystallite sizes. 
Thus a failure to satisfy this test does not necessarily imply the presence 
of diffusional limitations. Madon and Boudart (75) presented a detailed 
discussion of this test. 

This paper does not discuss all the mathematical criteria for assessing the 
influence of various gradients (16,17,18). However, it is important to recognize 
that some parameters used in these mathematical criteria (i.e., activation energy, 
reaction order, and reaction rate) are not available until the initial experimental 
results are processed. Therefore, small catalyst particles, moderate temperature, 
and low conversion should be used in preliminary stages of each investigation. 
This will enhance the chance that the early estimates of the activation energy and 
reaction order are free from serious errors caused by heat or mass transport dis
guises. A disguise-free regime can be established through an iterative approach. 

According to extensive literature on mass and heat transfer effects in 
laboratory systems, the importance of the various heat and mass transfer gradients 
decreases as follows: 

Intrareactor (radial) temperature gradient 

Interphase temperature gradient 

• Intraparticle concentration gradient 

• Interphase concentration gradient 

Intraparticle temperature gradient 

The following guidelines will minimize the effects of these gradients: 

• Intrareactor radial temperature gradients are minimized or eliminated by 
decreasing the reactor diameter or diluting the catalyst bed with inert par
ticles. 

In gas-solid systems, interphase temperature gradients are avoided by 
using the smallest feasible particles and/or high linear flow velocities. 

Small catalyst particles are also effective in avoiding intraparticle con
centration gradients. 

• If the conversion at any particular space velocity is independent of the 
linear velocity through the bed, interphase concentration gradients are 
absent. 

• If conversion levels are not too high, intraparticle temperature gradients 
are usually no problem. 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

to • 

Particle Diameter 

Figure 7. Diagnostic tests for intraparticle (internal) transport disguises. 

Active Site Concentration (S) 

Figure 8. Koros-Nowak tests for transport disguises. 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 111 

VII. Gather Meaningful Catalyst Performance Data 
Activity, selectivity, and yield are key catalyst performance characteristics. The 
recommended measure of catalyst activity is turnover frequency. Turnover fre
quency (or rate) is defined as the number of molecules that react per active site 
per unit time. Activity can also be defined as (1) the reaction rate per unit mass or 
volume of the catalyst, (2) the space velocity at which a given conversion is 
achieved at a specified temperature, (3) the temperature required to achieve a 
given conversion level, or (4) the conversion achieved under specified reaction 
conditions. Alternative 2 is practical for catalyst ranking. Alternatives 3 and 4 are 
rather uninformative. For rapid catalyst screening the latter two criteria are accept
able, but no catalyst should be eliminated from further consideration if it is only 
marginally inferior based on these criteria. 

The relative activities of two catalysts can be determined using Equation 1: 

The right side of Equation 1 is some function f of the achieved conversion 
of reactant B (XB), feed concentration of B (CBO), and reactor temperature (T). 
The underlying assumption is that all catalysts under consideration perform 
according to the same rate law described by the (often unknown) function f. If ex
periments with the various catalysts are run at fixed feed composition, at fixed 
temperature, and up to the same final conversion, function f is fixed and the 
activity ratio of two catalysts is a function only of the ratio of space velocities 
(Equation 2): 

a2 = W H S V 2 ,2> 

Tx WHSVj 

In comparing catalyst activities, alternative 2 gives a measurable, quantita
tive result without the need to know the function f. This is not the same for alter
natives 3 and 4. If the catalyst comparisons are done at fixed weight hourly space 
velocity (WHSV), and if the temperature is varied to achieve the desired conver
sion, applying alternative 3 and Equation 1 gives (Equation 3): 

atj = f <XB> CB Q» T2> ,y 

A more active catalyst (a2 > ai) will achieve the desired conversion at 
lower temperature (T2 < Ti). Equation 3, however, cannot provide any quantita
tive assessment without a knowledge of the functional dependence of f on all the 
variables. The same reasoning can be applied to alternative 4, which yields 
(Equation 4): 

(1) 

a 1 f <X„, C B ( ) , T,) 

(4) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

1



112 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Thus for similar materials that are likely to have similar kinetic depend
encies, catalytic activities are most readily compared by fixing the temperature 
and varying the space velocity to obtain a chosen degree of conversion. 

Selectivity is another catalyst attribute that is often considered when rank
ing catalysts. Selectivity may be defined as the ratio of the molar amount of key 
reactant converted to the desired product to the total molar amount of the key reac
tant converted. As such, selectivity is a measure of the efficiency of the catalyst in 
promoting the formation of the desired product as compared to other products. 
Since selectivity is a function of the relative rates of reaction with a given reac
tion system, selectivity will be a function of reaction temperature, space velocity, 
feed composition, reactor geometry, and degree of conversion. Comparing selec
tivities of different catalysts is therefore only meaningful when all the latter 
parameters are constant. 

Selectivity is sometimes called efficiency. As a result, selectivity can be 
confused with product yield. Yield is usually best defined as the ratio of molar 
amount of key reactant converted to the desired product to the total molar amount 
of the key reactant fed into the reactor system. Consequently, it follows that 

(Selectivity) x (Conversion) = Yield. 

A catalytic process is commercially viable if the catalyst transformation is 
achieved within definite, practical limits of space and time. To quantify this 
aspect, one can determine the so-called space-time yield. This measure of activity 
is simply the amount of product obtained per unit time and per unit reaction space 
(where reaction space is usually the reactor volume). Weisz (79) pointed out that 
in industry the useful space-time yield is rarely less than 10" g/mol of reactant 
per cubic centimeter of volume of reactor space per second. This has been called 
the Weisz window on reality. Figure 9 (79) shows the Weisz window and other 
windows of chemical activity that apply to biochemistry and petroleum 
geochemistry (79). 

Economic necessities determine the lower limit for industrial catalysis. 
The reactor residence time cannot be too long because one cannot wait forever. 
The reactor could be enlarged, but this would require a higher investment. The 
upper limit is imposed by the achievable rates of mass and heat transfer, both of 
which are controlled by properties such as viscosity, density, diffusion coeffi
cients, and thermal conductivity. Thus the upper limit is basically set by nature. 

If natural limits are ignored, control is lost; the reactor may blow up; the 
catalyst may be destroyed; products may be inferior; or part of the reaction heat 
may be lost. 

Useful chemical transformations are thus confined to the Weisz window 
on reality. The Weisz window is an important concept from various standpoints. 
For scale up, it is helpful in determining the limiting reactor sizing to be con
sidered for a given intrinsic catalyst activity, as determined by laboratory experi
ments. During catalyst development, it provides guidance in assessing whether 
further catalyst development is necessary. It also indicates the directions for fur
ther research; e.g., in the case of certain zeolites that were found to be too active 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 113 

(20). Perhaps several catalyst preparation steps will be necessary to tame the 
catalyst activity until it performs within the Weisz window. This can include dilut
ing the active catalyst in an inert matrix to provide a reduction of 10 to 20 per-
unit volume activity. 

VHI. Assess Catalyst Stability Early 
Catalyst life is an important attribute in comparing and evaluating catalysts. 
Catalyst life can be defined in time units, in number of turnovers, in length of 
time between regenerations, in terms of maximum temperature increase a catalyst 
can tolerate to maintain productivity, or in terms of fresh catalyst addition rate. 

Whatever definition is used, a decrease in catalyst activity with time may 
be extremely fast (as in fluidized catalytic cracking), or it can occur over a much 
longer time scale (as in residue desulfurization (Figure 10) (20). The causes of 
deactivation are not always easy to identify. Any good experimental program 
should, however, attempt to assess the long-term performance of the catalyst to a 
sufficient level of confidence. It is recommended to do this during the early stages 
of the program. 

Figure 10 shows that the most suitable catalyst is not necessarily the one 
that exhibits the highest initial activity (A). In this case, catalyst B maintains the 
highest average activity over its lifetime. The example illustrates the importance 
of frequent sampling and continuous reactor operation over considerable time. 
The overall catalyst deactivation pattern could not have been established if the 
experiments had been shorter than approximately 1,500 h. 

The S-shape deactivation pattern in Figure 10 is determined by the 
process of metal deposition in the outer core of the catalyst particles; desulfuriza
tion and hydrocracking occur mainly in the inner core of the catalyst particle (21). 
This understanding led to development of various effective demetallation 
catalysts as shown in Figure 11 (22,23,24,25). Furthermore, this has opened the 
path to industrial solutions (26) for the treatment of high metal feedstocks. 
Figure 12 shows catalysts with different hydrodesulfurization-hydrodemetallation 
(HDM-HDS) characteristics combined in a series of reactors. The front-end 
catalyst (A) has a high selectivity of HDM; whereas the back-end catalyst (C) has 
excellent HDS characteristics. The example also illustrates the need to address 
catalyst stability during the early phases of a catalyst program, not only to avoid 
pursuing the wrong avenue, but also because it can lead to new discoveries and 
the recognition of new opportunities. 

IX. Follow Good Experimental Practice 
Catalyst evaluation is a complex procedure; it is easy to forget the relatively 
obvious in favor of the recondite. The following golden rules seem obvious but 
are important requirements for reliable experimental results: 

• Always compare performance of different catalysts under identical ex
perimental conditions (reactor design; flow rates; catalyst size, shape, 
and quantity; type and degree of agitation; and temperature and pressure 
regimes). 
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Moles Product per Cubic Centimeter of Reactor Volume per Second 

10'14 10'12 10'10 10~8 10"6 10"4 

Petroleum Biochemical Industrial 
Geochemistry Processes Catalysis 

Figure 9. The Weisz window and other windows of activity. 

1000 2000 3000 4000 5000 

Run Time, h • 

Figure 10. Long-term deactivation during residue desulfurization. 
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Shell 
"Wonder Balls" 

silica 

Akzo 
"Demet" 

alumina 

W.R. Grace 
"Minilith" 

alumina 

[3.3 Um] 
IFP/Procatalyse 
"Chestnut Burr" 

alumina 

Figure 11. Commercially available hydrodemetallation catalysts. 

Distance from Center of Particle 

Figure 12. Catalyst tailoring. 
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116 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Always check the reproducibility of results on a regular basis. 
Determine whether the reaction thermodynamics are favorable. In par
ticular, be aware of any limitation on conversion because of equilibrium. 

Always observe and record in full the conditions under which the experi
ments are carried out and the results that are obtained. Clearly define 
such things as rate, selectivity, and quantity of catalyst. 

• Maintain high standards regarding the quality of analysis. Catalysts can 
be very sensitive to traces of impurities. Monitor sample reproducibility 
and overall material balances carefully; avoid overlapping gas 
chromatographic (GC) peaks; watch for unexpected condensation in ef
fluent lines; check response factors on a regular basis; and be aware of 
the molecular selectivity of the G C detector. 

Always keep possible homogeneous contributions in mind with 
heterogeneous catalysts and vice versa. Check this mutual interference 
by changing surface to volume ratios in the heterogeneous or 
homogeneous reactor. Conducting experiments in the absence of the 
catalyst is not a conclusive proof of the absence of heterogeneously in
itiated homogeneous reactions. Nevertheless, blank experiments should 
be used to check the possible reactivity of reactor walls and other inter
nals or inert dilution materials. 

X. Provide Perspective on Results 
The value of catalyst testing is enhanced by reporting the results in a professional 
way. It is important to describe the following procedures: Was a batch mode of 
operation or continuous, steady-state operation used? What was the reactor con
figuration? How were the catalysts prepared? Was activation or pretreatment re
quired? 

Unambiguous definitions of activity, selectivity, and conversion are 
needed to interpret the results correctly. It is also important to know the quality of 
the results. What is the reproducibility and the statistical validity of the con
clusions? Were heat and mass transfer disguises eliminated? What tests were done 
to confirm ideal flow pattern, isobaricity, and isothermality? Often it is necessary 
to know whether catalyst performance is adequate. For that reason the space time 
yield and catalyst life characterization need to be addressed. 

Conclusions 
Many conclusion can be drawn from a review of the stated ten commandments. 
Some of them merit specific mention. 

1. A catalyst research and development program proceeds through several well-
defined stages, each of which focuses on different information needs. This is 
vital for the selection of effective equipment and experiments. 

2. Many catalytic testing situations benefit from statistical methods of planning 
efficient sequences of experiments. 
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11. DAUTZENBERG Ten Guidelines for Catalyst Testing 111 

3. Laboratory reactors usually are not small replicas of commercial reactors. 
Selecting the best laboratory reactor is rarely straightforward. 

4. Disguises due to heat and mass transfer limitations are the primary impediments 
to reliable data. 

5. The two most important criteria are an ideal flow pattern and isothermal opera
tion. An ideal flow pattern, either plug flow or perfectly mixed, is essential for 
a straightforward interpretation of reaction data. Isothermal operation is criti
cal of generally reliable quantitative laboratory catalyst data. 
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List of Symbols and Abbreviations 
a Catalyst activity multiplier (dimensionless) 
c Concentration (moles/volume) 
Co Inlet concentration (moles length*3) 
Ci Concentration of species i (moles length"3) 
D r Radial diffusion coefficient (length2 time _ 1) 

2 1 
D z Axial diffusion coefficient (length time ) 
dp Solid particle diameter (length) 
E Activation energy (energy mole"1) 
F Molar flow rates (moles time _ 1) 
AH Heat of reaction (energy mole _ 1) 

2 1 1 
h Heat transfer coefficient (energy length" time" temp. ) 
kb Effective thermal conductivity of catalyst bed 

(energylength" time" temp." ) 
k p Thermal conductivity of catalyst particle 

(energy length* time" temp." ) 
L Catalyst bed length (length) 
MB Molecular weight of species B (mass mole _ 1) 
Npe Peclet number (dimensionless) 
NRep Reynolds number based on particle diameter (dimensionless) 
Nsh Sherwood number (dimensionless) 
NDa Damkohler number (dimensionless) 
n Number of moles (moles) 
Q Volumetric flow rate (volume time _ 1) 
R Gas constant (energy mole*1 temperature-1) 
RB Kinetic expression for dependence of reaction rate on temperature and 

concentration (determined by applicable rate units) 
R' Rate of reaction per unit mass of catalyst (moles time"1 mass"1) 
R v Rate of reaction per unit volume of catalyst (moles time"1 length ~3^ 
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r Radial distance (length) 
r p Radius of catalyst particle (length) 
η Radius of reactor (length) 
Τ Absolute temperature (temperature) 
Tb Temperature of bulk fluid (temperature) 
T s Temperature of catalyst surface (temperature) 
T w Temperature of reactor wall (temperature) 
t Time (time) 
u Superficial fluid velocity 
V Reactor volume (length ) 
WHSV Weight hourly space velocity (hour'1) 
χ Fraction of reactant consumed via chemical reaction (dimensionless) 
XB Fractional conversion of Β (dimensionless) 
Ζ Distance along reactor axis (length) 
μ Fluid viscosity (mass length"1 time'1) 
ρ Fluid density (mass length"3) 
Pp Catalyst particle density (mass length"3) 
φ Thiele modules (dimensionless) 
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Chapter 12 

Evaluation of Fluid Cracking Catalysts 

A Comparative Study of Testing Philosophies 

E . L . Moorehead, M . J. Margolis, and J . B. McLean 

Engelhard Corporation, Edison, N J 08818 

Fluid catalytic cracking (FCC) is one of the major refining 
processes within today's petroleum industry. For the majority of 
refineries this process represents the primary conversion unit for 
producing gasoline directly from gas oil. While discussions about 
FCC tend to group all units into one, average type, there are in 
fact many differences among FCC units. These differences include 
configuration, operation, and feedstock. For each refiner there is 
usually some limiting parameter in the unit that controls the 
overall operation. This may be catalyst circulation, attrition, 
coke selectivity (either too much or too l i t t l e ) , or gas selectivity 
(compressor - either wet (LPG) or dry gas limits). 

Depending upon the needs of the refiner he may be limited by 
any one of these at various times as he moves from a maximum octane 
operation to a maximum gasoline operation or switches from a light 
gas o i l to a heavier gas o i l feed. The selection of the proper 
catalyst provides flexibility to address these requirements in a 
manner otherwise unavailable. 

In order to provide the refiner with as much flexibility as 
possible, catalyst vendors have developed a variety of FCC catalysts 
to meet specific demands. While all catalysts incorporate zeolites 
as the core, the type and amount vary widely. At present there are 
probably 100 catalyst variations that are available depending upon 
the specific application. Differences in catalysts can be 
significant; for example, zero versus 3 weight % REO, or 15 versus 
40 % zeolite or surface areas ranging from 100 to 400 M2/G . 
Alternatively, differences can be very subtle. While this provides 
the refiner with a variety of choices, it also presents a problem in 
how to best evaluate various catalysts. 

In an effort to understand how the petroleum industry addresses 
the problem of fresh FCC catalyst evaluation, a survey of testing 
philosophies from 15 companies was conducted. The objective was to 
identify the merits of various steaming procedures as well as 
catalyst testing. The results of the survey show that each 
laboratory has a unique testing program, with wide differences being 
practiced in both steam deactivation and Micro Activity (MAT) 

0097-6156/89/0411-0120$06.00/0 
© 1989 American Chemical Society 
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12. MOOREHEAD ET AL. Evaluation of Fluid Cracking Catalysts 121 

testing. Steaming severities range from 1350°F for 17 hours to 
1600°F for 4 hours. Seme prefer slow heating of the catalyst while 
others practice "shock" treatment. Some treat a l l catalysts the 
same independent of application, while others steam deactivate to a 
constant conversion or other measurable physical property. 
For catalyst testing the same wide range of approaches exist. While 
an ASTM MAT test does exist, no laboratory was found to practice i t 
in total. MAT temperatures vary from 900 to 1000°F, with 
catalyst/oil ratios of 3 to 6 and WHSV's of 10 to 40. Some 
laboratories test a l l catalysts at constant conversion by either 
adjusting steaming severity or maintaining steaming severity while 
varying C/0 in the MAT unit. 

To understand the benefits of various testing procedures a 
comparative study of testing approaches was conducted using three 
different Engelhard FCC catalysts. The catalysts selected represent 
a range from a fu l l octane catalyst containing USY to a gasoline 
catalyst containing REY. The objective was to identify a preferred 
testing procedure that gave catalyst properties and product 
selectivity results that agree with cxammercial performance. The 
conclusions from this comparative study as well as a discussion of 
the approaches of testing used in the industry will be discussed in 
this paper. 

Experimental 

Three Engelhard FCC catalysts, identified as catalysts A, B, and C 
representing typical gasoline, partial octane and octane catalysts 
were prepared for comparing various test methods. Chemical and 
physical properties are presented in Table 1. 

The laboratory steamings were performed at the conditions 
listed in the appropriate tables using a shock steaming method. 
This method calls for the near instantaneous steaming of 100 grams 
of a catalyst by introducing the catalyst to a pre-heated steam 
environment. Catalyst addition is conducted in less than or equal 
to 15 minutes such that the temperature drop within the steaming 
reactor does not exceed 30°F. Catalysts are unloaded hot, giving 
near instantaneous cooling. 

Evaluations of steamed catalysts were performed with a MAT unit 
using a standard mid-continent gas o i l . The MAT conditions varied 
and are identified in the tables. Selectivities were determined 
from gas chrexnatographic analysis of liquid and gaseous products by 
Hewlett-Packard, simulated distillation hardware and Carle., 
Refinery Gas Analyzer Systems, respectively. Carbon on catalyst 
analyses were performed by IEC0. 

Surface area measurements were conducted using ASTM method D-
4365-85 for both fresh and steamed samples. A l l other physical and 
chemical analysis were performed by standard techniques. 

Results and Discussion 

Laboratory evaluation of the catalytic performance of fresh FCC 
catalysts involves steaming and activity testing. The latter is 
most often performed using a microactivity test (MAT). While there 
are other parameters that are important in comparing total 
performance of catalysts like attrition and fluidization, this paper 
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122 CHARACTERIZATION AND CATALYST DEVELOPMENT 

focuses only on steaming and MAT testing. A recent paper by 
Rawlence et. al. (1) provides a general overview for 
a l l the parameters involved in the laboratory evaluation of FOC 
catalysts. 

While ASTM procedures for both steaming and MAT testing have 
been established (ASTM D-4463 and D-3907, respectively), a general 
survey of the petroleum industry indicates that neither of these 
methods are specifically practiced. Instead, each laboratory has 
developed individualized steaming and MAT testing procedures that 
best suit their needs. While many laboratories perform complete 
ctemical and physical analyses on fresh FOC catalysts, the vast 
majority do not perform such analyses on the steamed catalysts. The 
latter actually represent the catalysts evaluated while the former 
are in essence a "precursor". While i t may be argued that fresh 
properties can be used as an indicator of steamed properties, a 
thorough evaluation of catalysts should include an examination of 
the steamed chemical and physical properties. 

Steaming 

Steam deactivation of fresh FCC catalysts is required to reduce the 
activity to a level appropriate for MAT testing. The choice of 
steaming conditions determines the physical and chemical 
characteristics of the catalyst. Therefore, under constant MAT 
conditions, steaming conditions are responsible for the observed 
activity and selectivity. Laboratory steaming of fresh FCC 
catalysts i s generally done in the presence of 100 percent steam in 
a fluidized bed configuration. Catalysts are usually loaded at 
ambient temperature and in the presence of fluidizing nitrogen, the 
temperature is increased to the desired target. Steam, obtained by 
vaporization of injected water, is then introduced and the nitrogen 
flow is stopped. After a specified period of time, the water 
injection i s stopped and the nitrogen is introduced again and the 
temperature is set back to an ambient or low level. Having reached 
the desired temperature the catalyst is unloaded and may be screened 
to remove fines. Alternatively, the catalyst can be introduced into 
a hot steam environment as opposed to the more gentle temperature 
ramp identified. The rapid addition of the catalyst to a hot 
reactor is referred to as a shock steaming. 

A summary of steaming procedures that are generally employed is 
presented in Table 2. From this l i s t i t can be observed that a wide 
range of steaming severities are used. In general, the minimum 
temperature is 1300°F, with a maximum of 1600°F. While steaming is 
used to artificially deactivate a fresh sample, such that i t 
represents a typical "equilibrium" sample, the approaches used to 
achieve this are varied. A number of laboratories use a fixed time 
and vary temperature to achieve a range of deactivated samples that 
when evaluated in a MAT unit will have a range of conversions so 
that they can make an assessment of catalyst stability and 
selectivity. 

An alternative approach for steaming uses a fixed temperature 
but the time is varied to generate a hydrothermal stability curve. 
Temperatures in the range of 1400-1500°F are generally used with 
times ranging from 5-60 hours. Preferred times however, tend to be 
4-24 hours. The times employed can be tied to either a target 
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Table 1 
FRESH CATALYST PROPERTIES 

ENGELHARD DYNAMICS CATALYSTS 

Catalyst A B C 
KEY REY/USY USY 

Wt% REO 2.7 1.5 0.0 
Zeolite Index 6 17 32 
UCS, ft 24.76 24.74 24.64 
Surface Area: n^/g 

Zeolite 108 158 237 
Matrix 33 63 106 

Total 141 221 343 

Table 2 
SUMMARY OF STEAMING CBNDITIONS 

STEAMING STEAMING 
FKECAK^ATION TEMPERATURE °F TIME. HRS. 

ASTM None 1292-1562 5 
ENGELHARD None 1300-1600* 4 

1100/1 hr 1350-1454 17 
1100/1 hr 1350-1550* 4 

1360-1430 metals 

1100/4 hrs 1375 4.75 
None 1382-1490 17 
1200/3 hrs 1400 § 15 psig 5 & 10 
None 1400 & 1500* 5 
1112/4 hrs 1400 & 1500 5 
1112/3 hrs 1418 15 
1300/1 hr 1425* 4 
1000/1 hr 1430-1525 5-80/20% s/a 
None 1475* 5 
1000/1 hr 1475 6 & 6 
None 1500 4 

*Shock Addition Method 
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124 CHARACTERIZATION AND CATALYST DEVELOPMENT 

conversion or some physical property. The deactivated samples are 
then evaluated in a MAT unit under a standard set of conditions. A 
third approach involves one steaming severity in conjunction with 
varying MAT conditions (usually cat/oil) to achieve equivalent 
conversions (2). While this method provides for equivalent steaming 
of a l l catalysts i t provides very l i t t l e information on the relative 
stability of the catalysts to be evaluated. 

A fourth approach involves a variation from variable tempera
ture/constant time by blending different ratio 1 s of deactivated 
samples to represent the irihomogeneity of aanmercially deactivated 
samples (3). This method is not used to any extent at this time. 

For a l l of these alternatives the goal is to produce a sample 
that has chemical and physical properties that are indicative of 
ccxnmercially deactivated catalyst (1). For example, i f the goal of 
steaming is to target only the unit cell size, then i t might be 
concluded that one steaming severity is needed. As suggested by 
McElhiney (2), this would be 1500°F for 5 hours. What this approach 
overlooks is that i t does not account for expected changes in MAT 
activity, zeolite content or total surface area. Figure 1 shows 
that an equilibrated Unit Cell Size (UCS) for a zero rare earth 
catalyst (catalyst C) can be obtained at relatively mild steaming 
conditions; but as presented in Figure 2, the MAT activity and 
surface areas will continue to change with steaming. As the 
differences between catalysts become greater, the need to be aware 
of these other parameters becomes more important. This is 
particularly true when comparisons between gasoline and octane 
catalysts are to made. While this comparison may not be performed 
by a particular laboratory i t appears that the currently employed 
steaming procedures were developed for gasoline catalysts and their 
application to octane catalysts has to be investigated. 

By way of example, Figure 3 shows the effect of steaming 
severity on zeolitic surface area (ZSA) for catalyst A and C. Also 
identified are typical values for equilibrium catalysts. What is 
seen is that the conditions needed to deactivate A to typical 
equilibrium ZSA are different than for C. If C is deactivated using 
the preferred conditions for A, then activity and surface areas are 
not in line with commercial experience. If the reverse is true, 
then A is deactivated too severely. 

The need to have more than one steaming procedure for extremely 
different catalysts has been proposed by Magee et. al. (8) is 
consistent with ccxnmercial observations in that a zero rare earth 
catalyst will generally have a lower equilibrium MAT activity than a 
gasoline catalyst. The difficulty, of course, is that i t is not 
practical to have a unique steaming procedure for every catalyst. 
However, i t is practical to target steaming severity such that the 
steamed properties for groups of catalysts are representative of 
what will be observed cxxnmercially. An obvious question becomes 
does i t matter which steaming philosophy is practiced? As will be 
discussed later the ranking of catalysts can be effected by the 
manner in which they are steamed. As such, i t is important that 
whatever approach is selected, the time or temperature be severe 
enough to reach a reasonable degree of deactivation as measured by 
UCS, surface area and MAT activity. 
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UCS (Angstroms) 

4 8 
STEAMING TIME (Hrs.: 

12 

A ( R E Y ) • 1 4 5 0 F 

A ( R E Y ) 9 1 5 0 0 F 

C ( U S Y ) 9 1 4 5 0 F 

C ( U S Y ) 9 1 5 0 0 F 

Figure 1. Unit C e l l Size Equilibration i s Dependent on 
Steaming Conditions. 

Figure 2. MAT Conversion and ZSA Continue to Decline for USY 
Catalyst. 
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126 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3. STEAMED CATALYST PROPERTIES Zeolite Surface Area 
Reduction to EQ Level i s Catalyst Dependent. 
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12. MOOREHEADETAL. Evaluation of Fluid Cracking Catalysts 121 

MAT TESTING 

The micanoactivity test (MAT) was developed as a means of measuring 
the relative activities or conversion of FOC catalysts. As 
illustrated in Figure 4, the MAT unit itself uses small amount of 
catalyst (less than 10 grams), and small amounts of o i l (less than 5 
grams) in a heated, fixed bed configuration. The rate of o i l 
injection or delivery time is controlled by the use of a syringe 
pump. The catalyst/oil (C/0) ratio is defined by the weic^it of 
catalyst/weight of o i l . The weight hourly space velocity (WHSV) is 
defined as 3600/(C/0) *0i l injection time (seconds). For the ASTM 
MAT test procedure the conditions are 900^F, 3 C/0, 75 second 
injection time and 16 WHSV. 

Product o i l or syncrude is collected in a chilled receiver with 
light gas collected in a glass receiver usually by the displacement 
of water. The syncrude and gas are analyzed chromatographically and 
the percent carbon on the spent catalyst is determined 
instrumentally. Conversion (weight percent) is defined as 100 minus 
(weight percent light cycle o i l plus heavy cycle oil) on a weight % 
of feed basis. A kinetic term called activity i s expressed as a 
simple second order rate expression defined as conversion/ (100-
conversion). 

Like the case for steaming, there are a variety of procedures 
used for MAT evaluations, none of which follow the current ASTM 
protocol in a l l respects. A summary of procedures used within the 
industry is presented in Table 3. One unique observation for MOT 
testing is that testing philosophies in Europe tend to be different 
than the US. In Europe, MAT testing is characterized by short 
injection times, less that 25 seconds, giving rise to higher space 
velocities, usually greater than 30 Hr-1. 

Like steaming, where we identified various approaches there are 
an equal number for MAT testing; constant temperature and cat/oil, 
constant temperature and vary cat/oil. The latter is usually 
performed by varying the o i l weight as opposed to catalyst weight, 
and may involve either constant or variable space velocity depending 
upon what injection time is used. If the C/0 ratio is varied but 
the the injection time is fixed, then the space velocity is changed. 
Alternatively, the injection time can be varied to maintain a 
constant space velocity. The former approach is probably the most 
common. Using a severity relationship described by Wollaston, et. 
al. (4) that relates severity to cat/oil and WHSV, the greatest 
change in reactor severity is obtained with this methodology. 

Comparison of Steamincr/MAT Procedures 

The objective of MAT testing in many labs is to compare both 
activity and selectivity differences between catalysts. Given that 
a variety of testing approaches are in practice, what effects do 
these methods have on ranking of catalysts? To answer this question 
the three catalysts summarized in Table 1 were evaluated using seven 
different steaming/MAT approaches. Table 4 summarizes the seven 
methods evaluated. The definitions for cut points in this study are 
C5-421°F (gasoline), 421-602°F (LOO) and 602°F-plus (bottoms). Dry 
gas includes H2, H2S and C1-C2 hydrocarbons. LPG are the C3-C4 
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12. MOOREHEADETAL. Evaluation of Fluid Cracking Catalysts 129 

Table 3 
SUMMARY OF MAT PROCEDURES 

MAT Delivery 
Temperature °F Cat/Oil Ratio Time. Sec. WHSV Hr-1 

850 2 300 6 
ASTM 900 3.0 75 16 

900 Vary 75 Vary 
900 2.79 94 13.7 

ENGELHARD 910 5 48 15 
915 3.0 N/A 17 
925 1.875 75 25 
950 5-9 35 11 to 21 
950 2.5 - 5.5 45 - 75 13.5 - 15.5 
950 4.0 18 50 
950 4.5 40 20 
950 - 1022 4.5 <20 >40 <100 
975 1.5 - 4.5 60 12.8 - 38.5 
985 3.3 75 14.5 
986 6.0 20 30 

Table 4 
ALTERNATE STEAMING/MAT APPROACHES 

Approach Steamina °F MAT °F 

1. Engelhard Standard 4 hrs, 1350-1550 910, 15 SV, 5 C/O 
2. Low Temp Steaming 1450, 2-16 hrs II 

3. High Temp Steaming 1500, 1-6 hrs II 

4a. Low Actvty High C/O 1500, 4 hrs 910, 15 SV, 5-10 C/O 
4b. High Actvty Low C/O 1400, 4 hrs 910, 15 SV, 2-5 C/O 
5a. Alternate MAT 

Typical USA 4 hrs, 1350-1500 970, 16 SV, 3 C/O 
5b. Alternate MAT 

Typical Europe 4 hrs, 1350-1500 950, 50 SV, 4 C/O 

Al l MATS Used Mid-Continent Gas Oil Feed 
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130 CHARACTERIZATION AND CATALYST DEVELOPMENT 

hydrocarbons. Comparisons of the various approaches are presented 
at equivalent conversions of 70 percent. 

The results of this study can be presented in a number of 
different ways but in general we observed the following trends. The 
observed rankings with respect to gasoline, IPG, and dry gas yields, 
when compared at 70 percent conversion, were fairly consistent and 
tracked reasonably well with commercial experience showing that 
gasoline yield is a function of rare earth content (A>B>C) and that 
IPG and dry gas are inversely related (A<B<C). While the absolute 
yields varied as a function of method, the absolute delta's between 
catalysts were similar. Figures 5 to 9 summarize the relative 
yields (70 % conversion) obtained from this study. 

Although the rankings are fairly independent of method, i t is 
true that some approaches provide better comparisons than others. 
For example, the gasoline, IPG and dry gas selectivities obtained 
with 4B do not differentiate between the REY (catalyst A) and the 
USY/REY (catalyst B) as well as the other methods. The reason for 
this is not fully understood but may be related to the relatively 
mild steaming (1400°F, 4 hours) which does not severely deactivate 
the catalysts. 

The largest variation in catalyst ranking occurred when 
comparing these catalysts on the basis of coke selectivity (Figure 
9). For clarity a high coke selective catalyst is taken to be one 
that produces a high level of coke per unit of activity. The 
reciprocal of this is referred to as the dynamic activity (5). 

The coke selectivity for catalyst C could be less than or 
greater than A depending upon the method selected. Based on 
commercial experience, a USY catalyst like C is expected to produce 
less coke (higher dynamic activity) than the rare earth catalyst 
(5.6). This is further Supported by the work of Rajagopalan and 
Peters ill which related coke selectivity to the unit cell size of 
the zeolite. Perhaps not surprising is the fact that the test 
approach that gave the greatest difference in coke selectivity is 
that which used the lowest C/O's and mildest steaming (4B). This 
results in the greatest difference in unit cell size and the miriimum 
impact of entrained or C/O coke. The measured UCS for these 
catalysts were 24.55 A and 24.30 A for catalysts A and C 
respectively. As seen in Figure 1, the UCS for a USY catalyst 
equilibrates to a low level under mild conditions but the REY 
catalyst is more dependent upon steaming severity. 

The exact opposite ranking of coke selectivity were obtained by 
steaming at 1500°F for 4 hours and adjusting C/0 to vary conversion 
(method 4A). Here the UCS for catalysts A and C were 24.36 A and 
24.25 A respectively. Based on Rajagopalan (7), the greatest 
effects of UCS on coke selectivity are observed within the range of 
24.33 and 24.57. Given the small difference in UCS for this method 
evaluation, i t is probably not surprising that the coke 
selectivities are influenced by not only UCS, but perhaps surface 
area and C/0 in the MAT which were increased to achieve the targeted 
70 % conversion. Given that the steamed total surface area of 
catalyst C is two times that of A (162 vs 67 M2/G) the observed coke 
selectivity may be controlled more by the C/O coke as opposed to the 
catalytic coke. 
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MOOREHEAD ET AL. Evaluation of Fluid Cracking Catalysts 131 

Gasoline (C5-421 F) Yield <s> 70 % Conv. 
56 i 

1 2 3 4a 4b 5a 5b 

Test Method 

•1 (A) REY HI (B) REY/USY Hi (C) USY 

Figure 5. GASOLINE SELECTIVES Consistent Rankings for 
Most Methods. 

LPG (C3/C4) Yield » 70 % Conversion 

3 4a 4b 
Test Method 

5a 

• I (A) REY HI (B) REY/USY HU (C) USY 

Figure 6. LPG SELECTIVES Consistent Rankings for A l l Methods. 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

Dry Gas (H2/H2S/C1/C2) Yield 9 70 % Conv 

• M A ) REY iH l (B ) REY/USY H I (C) USY 

Figure 7. DRY GAS SELECTIVITIES High Cat/Oil (4a) Maximizes 
Differences. 

LCO (421-602 F) Yield & 70 % Conversion 

3 4a 4b 
Test Method 

• i (A) REY HI (B) REY/USY IH (C) USY 

Figure 8. LCO SELECTIVES No Consistent Differences Observed. 
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12. MOOREHEAD ET AL. Evaluation of Fluid Cracking Catalysts 133 

Coke Yield & 70 % Conversion 
5 

4 .5 -

Figure 9. COKE SELECTIVES Rankings are Mathod Dependent.  P
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134 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Commercial experience shows that the equilibrium activity of a 
REY catalyst is generally higher than a USY catalyst by up to 10 MAT 
numbers (6). Table 5 presents comparative selectivity data for 
catalyst A and C for the case where the activity of A is greater 
than C. Using this approach, the coke selectivity for C is slightly 
less than A, as expected from cxatmercial experience. The 
selectivities for dry gas to bottoms are also in good agreement with 
commercial experience. 

Table 5 
TYPICAL EQUILIBRIUM COMPARISON 

High Activity REY vs. Low Activity USY 

Yields @ 70% Conv. REY USY 

Dry Gas 1.46 1.81 
IPG 11.77 13.56 
Gasoline 52.89 50.89 
LOO 18.34 18.62 
Bottoms 11.66 11.38 
Coke 3.89 3.73 
Catalyst Activity 
Standard MAT 76.9 63.1 
Cat/Oil 2.9 7.1 

Conclusions 

The results from this study show that the choice of steaming/MAT 
procedures selected for evaluation of fresh FOC catalyst can effect 
the observed ranking of catalyst performance. The most method 
dependent selectivity was found to be the coke yield. In making 
assessments of the catalytic performance of FOC catalysts i t is 
important that consideration of the steamed catalyst properties as 
they relate to cxDmmercial experience be given high priority. 
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Chapter 13 

A Microscale Simulation Test 
for Fluid Catalytic Cracking 

P. O'Connor and M. B. Hartkamp 

Akzo, Chemical Division, Research Centre Amsterdam, P.O. Box 15, 
1000 AA Amsterdam, Netherlands 

A microscale Fluid Catalytic Cracking (FCC) simulation test 
is presented, which results in yields and product 
properties which correspond very well with commercial FCC 
results. 

Critical parameters to simulate are the ratio of 
Catalytic to Thermal cracking and the related chemical 
composition of the gasoline fraction. Obviously, these 
parameters are particularly important for the research 
into FCC product properties and, for instance, for the 
evaluation of potential octane catalysts. 

The test conditions for this Microscale Simulation 
Test (MST) correspond to the low vapor contact times as 
applied in today's FCC riser technology. An effective 
feed preheat and feed dispersion is ensured, while the 
isothermal reactor bed is set to the dominating kinetic 
temperature in the riser, being approximately the feed 
catalyst mix temperature. The MST conditions enable the 
testing of high Conradson Carbon residue feedstocks. 

Substantially better FCC forecasts can be made with 
the MST simulation conditions, making this test a very 
useful tool for catalyst and feedstock evaluations. 

A great need e x i s t s f o r r e l i a b l e F l u i d C a t a l y t i c Cracking performance 
t e s t s which can be used f o r the e v a l u a t i o n of feedstocks and 
c a t a l y s t s . 

Notwithstanding the p o s s i b i l i t y of doing d e t a i l e d s i m u l a t i o n s 
w i t h bench or p i l o t s c a l e r i s e r r e a c t o r s , the t r a d i t i o n a l Micro 
A c t i v i t y Test (MAT) remains the main t o o l f o r b a s i c FCC research 
and c a t a l y s t and feedstock e v a l u a t i o n and monitoring. 

The shortcomings of the e x i s t i n g ASTM-MAT t e s t and p o s s i b l e 
adaptions to t h i s r e l a t i v e l y simple t e s t have been discussed by 
J.L. Mauleon e t . a l . ( 1 ) . 

The ASTM-MAT t e s t i s i n f a c t only intended to determine and 
compare the a c t i v i t y of cra c k i n g c a t a l y s t s ( 2 ) , and i s not s u i t a b l e 
f o r s i m u l a t i n g the r e a l FCC oper a t i o n , using the c o n d i t i o n s (Table 1) 
as defined by the ASTM ( 3 ) . 

0097-6156/89/0411-0135$06.00/0 
© 1989 American Chemical Society 
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136 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Several FCC Research groups have made changes to the standard 
method, r e s u l t i n g i n many d i f f e r e n t t e s t methods ( 4 ) . For instance, 
at Akzo Research we introduced the Ketjen-MAT t e s t f o r the e v a l u a t i o n 
of production and development samples ( 5 ) . 

The Ketjen MAT t e s t includes a f a s t preheat, a shor t e r contact 
time and a heavier feedstock than the ASTM feed. 

Although t h i s t e s t c l e a r l y had i t s advantages, the d e v i a t i o n 
from a c t u a l FCC r i s e r r e a c t o r operating c o n d i t i o n s s t i l l remained 
too l a r g e as i l l u s t r a t e d i n f i g u r e 1; 

The Ketjen-MAT c o n d i t i o n s seem to simulate a FCC bed r e a c t o r , 
but not a r i s e r r e a c t o r . 

E s p e c i a l l y i n view of the need to obt a i n not only r e p r e s e n t a t i v e 
FCC y i e l d s , but a l s o more d e t a i l e d information on the product 
p r o p e r t i e s (RON, M0N, Cetane), an improved s i m u l a t i o n of the FCC 
process i s indispensable. 

Testing Strategy 

B a s i c l y we may d i s t i n g u i s h two main l i n e s of FCC t e s t i n g : 
1. Screening, 

whereby the main o b j e c t i v e i s to d i s c r i m i n a t e ; 
2. F o r e c a s t i n g , 

where the p r i o r i t y i s to f o r e c a s t the a c t u a l FCC performance. 
In the l a t t e r case, the need f o r a c o r r e c t FCC s i m u l a t i o n i s 

evident, however, a l s o f o r screening purposes i t i s a t t r a c t i v e to 
s t a r t from a f i r m base of s i m u l a t i o n c o n d i t i o n s , and then to adapt 
e i t h e r the c a t a l y s t pretreatment or feedstock i n order to enhance 
the d i f f e r e n c e s i n performance. 

Using v a r i a t i o n s i n t e s t i n g c o n d i t i o n s f o r screening remains a 
v i a b l e o p t i o n ; the present ASTM-MAT c o n d i t i o n s f o r instance are such 
that "Hydrogen Transfer" (De Jong (6)) i s s t r o n g l y a m p l i f i e d . 

However, there are a few drawbacks: f i r s t of a l l the l i n k w i t h 
commercial FCC operation becomes weak, and secondly the frequent 
s w i t c h i n g of t e s t c o n d i t i o n s can be det r i m e n t a l f o r the a v a i l a b i l i t y 
and the r e p r o d u c i b i l i t y of the t e s t . 

From the foregoing i t becomes c l e a r that the next two po i n t s 
are e s s e n t i a l i n order to improve microscale FCC t e s t i n g : 
1. E s t a b l i s h i n g a good FCC s i m u l a t i o n . 

In general we are t r y i n g to simulate an "average" or a 
"r e p r e s e n t a t i v e " FCC u n i t . The t e s t r e s u l t s need to be confronted 
w i t h commercial data. 

2. Adapting c a t a l y s t pretreatment or feedstock f o r screening 
purposes, w h i l e maintaining the l i n k to commercial FCC 
performance. 

In the next s e c t i o n h i g h l i g h t s of our work le a d i n g to a new 
FCC M i c r o s c a l e Simulation Test (MST) are presented. 

E s t a b l i s h i n g a good FCC s i m u l a t i o n 

The question "What do we want to simulate?" i s so complex that we 
are sure t h a t a l s o our answer i s f a r from complete. The c r i t e r i a we 
use f o r judging the sim u l a t i o n s are: 
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13. O'CONNOR & HARTKAMP A Microscale Simulation Test 137 

TABLE 1 . MAT TEST VS COMMERCIAL OPERATING CONDITIONS 

ASTM MAT 
Ketjen 

MAT 
Total * 

Commercial 
FCC 

Feed dispersion no N2 N2 > 2% St 
Preheat no fast fast fast 

Contact time, s 
Catalyst 75 50 5-15 2-10 
Vapour 14 4 2-4 0.5-5 

WHSV 16 12 40-100 60-200 

Catalyst temp, C 
Initial 483 483 510-550 650-750 
Mix ? ? ? 540-580 
Exit 470-480 470-480 490-530 500-540 

Source: Reproduced w i t h permission from r e f . 1. 
Copyright 1985 O i l and Gas J o u r n a l . 

Catalyst Separation 
•520 C 

-Bed level 

'Isothermal" 
- 480 C -Riser 

660 C 700 C -560 C 

FCC Bed Reactor FCC Riser Reactor 

Figure 1. Ketjen MAT simulates FCC bed r e a c t o r . 
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138 CHARACTERIZATION AND CATALYST DEVELOPMENT 

1. Conversion l e v e l (C/0 s e l e c t i o n ) . 
2. Bottoms Conversion. 
3. LPG O l e f i n i c i t y (C=3/C3, C4=/C4). 
4. Fuel gas-make and the r a t i o t h e r m a l / c a t a l y t i c c r a c k i n g (C2-minus/ 

i C 4 ) . 
5. Gasoline y i e l d . 
6. Gasoline composition. 
7. Coke make and D e l t a Coke l e v e l . 

Using e q u i l i b r i u m c a t a l y s t from commercial FCC u n i t s , we 
modified the MAT re a c t o r c o n d i t i o n s i n order to meet the s i m u l a t i o n 
c r i t e r i a . This work was complemented with ARCO p i l o t r i s e r p l a n t t e s t s , 
e x p l o r i n g the i n f l u e n c e of the main process parameters such as 
residence time, mixing, r e a c t o r temperature and temperture p r o f i l e . 

C r i t i c a l parameters to simulate are the r a t i o of C a t a l y t i c 
to Thermal c r a c k i n g and the r e l a t e d chemical composition of the 
gas o l i n e f r a c t i o n . These parameters are p a r t i c u l a r l y important f o r 
the e v a l u a t i o n of the octane p o t e n t i a l of c a t a l y s t s and 
feedstocks ( 7 ) . 

Also f o r the ARCO P i l o t R i s e r t h i s i s the case, but by 
d r a s t i c a l l y adapting the operating c o n d i t i o n s (Table 2) i t i s 
p o s s i b l e to achieve the c o r r e c t FCC ga s o l i n e composition. 

For microscale t e s t i n g , accepting the f a c t t h a t the MAT i s 
nea r l y an isothermal t e s t , we chose to take the c a t a l y s t mix 
temperature as the operating temperature of our new t e s t . 

This f o l l o w s the approach of J.L. Mauleaon e t . a l . ( 1 ) , 
s t r e s s i n g the importance of the mix temperature above tha t of the 
r i s e r e x i t . The ARCO P i l o t riser tends to confirm the importance of the 
mix temperature. In general the mix temperature i s 25 to 45 degrees 
C e l s i u s higher than the r i s e r e x i t temperature. 

A l s o f o r a good s i m u l a t i o n the contact time of the t e s t has to 
be reduced. A 15 seconds runtime (2-4 seconds vapor contact time) 
gives y i e l d breakdowns and trends which correspond very w e l l w i t h 
the a c t u a l FCC data (see example Table 3). 

Using the MST t e s t we have been able to simulate v a r i o u s 
Commercial FCC operations w i t h a t e s t mass balance of 96 to 100%. 

An i n t e r e s t i n g p o i n t to note i s t h a t the g a s o l i n e compositions 
obtained from the ASTM and Ketjen-MAT deviate s i g n i f i c a n t l y from 
the commercial FCC r e s u l t s . 

A too low ga s o l i n e o l e f i n i c i t y and a too high degree of 
branching of the p a r a f f i n and o l e f i n compounds i s found. The MAT 
gaso l i n e can be analysed w i t h the "Anderson" GC-method (see ( 8 ) , ( 9 ) ) . 
In our case we a p p l i e d a modified extended method. The commercial 
and P i l o t R i s e r g a s o l i n e were analysed w i t h a d e t a i l e d GC-PIAN0 
method developed by Akzo Research. 

As a simple measure f o r the Degree of Branching (DOB) of 
gaso l i n e we make use of the iC6/nC6 r a t i o . From our GC data base we 
f i n d t h a t t h i s r a t i o c o r r e l a t e s reasonably w e l l w i t h the o v e r a l l 
g a s o l i n e branching of the p a r a f f i n s ( i P / P ) , 

DOB = iC6/nC6 (1) 

The Branching of gas o l i n e o l e f i n s , however, does not vary much, 
notwithstanding the l a r g e v a r i a t i o n s i n branching of the ga s o l i n e 
p a r a f f i n s ( F i g . 2). 
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13. O'CONNOR & HARTKAMP A Microscale Simulation Test 139 

TABLE 2 . ARCO PILOT RISER TEST CONDITIONS 

Standard 
Riser 

Modified 
(PRT) 

Commercial 
FCC unit 

Contact time,s 
Catalyst 25 10 2-10 

Regenerator 
Temp,C 650 700 650-750 

Catalyst temp, C 
Initial 
Mix 
Exit 

520 
520 
520 

700 
545 
520 

650-750 
540-580 
500-540 

T A B L E 3 . 

MST SIMULATION OF FCC UNIT 

FCC 
TRX= 528 

MST 
c 

CT0 6.9 6 

YIELDS, %WT 
FUELGAS 3.5 3.3 
LPG 17.3 19.4 
GASOLINE 46.4 45.0 
LCO 17.6 18.0 
BOTTOMS 10.5 10.1 
COKE 4.7 4.2 

CONVERSION, %wt 71.9 71.9 

DELTA COKE 0.68 0.69 

C3=/C3 0.79 0.80 
C4=/C4 0.60 0.62 
RON (GC) 93.4 93.3 
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140 CHARACTERIZATION AND CATALYST DEVELOPMENT 

r°;oo0*°+ p a n a f f i n s 

Olefins 
/ i0/0 

D0B6 = iC6 / nC6 

Gsln data from 
Commercial and 
Pilot Riser tests. 

5 7 9 11 13 

DEGREE OF BRANCHING, DOB-6 

Figure 2. Gasoline Branching and DOB f a c t o r . 

ARCO PILOT RISER 

o \ ° 1 

%e?om o 

o o 0 ° 
0 o 

o 0 o "-a. 

°co 

70%WT CONV. 

1.5 2.0 2.5 

GASOLINE OLEFINICITY (0/P) 

Figure 3. Degree of Branching vs O l e f i n i c i t y . 
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13. O'CONNOR & HARTKAMP A Microscale Simulation Test 141 

Figure 3 shows the strong r e l a t i o n between the DOB and the 
o l e f i n i c i t y (0/P) of g a s o l i n e , which we f i n d based on the GC-PIANO 
a n a l y s i s of about 200 P i l o t R i s e r and Commercial FCC g a s o l i n e 
samples i n our g a s o l i n e database. The d i f f e r e n c e between RON and MON 
gains obtained w i t h low hydrogen t r a n s f e r USY c a t a l y s t s , as 
i l l u s t r a t e d i n f i g u r e 4, can be explained w i t h t h i s phenomenon ( 7 ) . 

Figure 5 demonstrates how the c o r r e c t g a s o l i n e composition 
can be obtained by s e t t i n g the MST temperature at the l e v e l of the 
r e a c t o r r i s e r feed c a t a l y s t mix temperature. 

Based on the foregoing we introduced the new Micro S i m u l a t i o n 
Test (MST) i n our c a t a l y s t research, i n e a r l y 1987. Standardized 
t e s t c o n d i t i o n s aiming at an "average" FCC u n i t are given i n 
Table 4. Obviously f o r an optimized s i m u l a t i o n the MST temperature 
p r o f i l e s deviate very s i g n i f i c a n t l y from the "average" FCC. 

One of the prime advantages of the new t e s t i s t h a t i t enables 
us to make s u b s t a n t i a l l y b e t t e r f o r e c a s t s i n terms of product 
p r o p e r t i e s , because of the congruent l i n k of MST, ARCO P i l o t r i s e r 
(PRT) and the commercial FCC r i s e r o p e r a t i o n ; i . e . octane p r e d i c t i o n s 
see f i g u r e 6. 

A l s o because of the high temperature i t i s p o s s i b l e to process 
high Conradson Carbon c o n t a i n i n g residue feedstocks. At present 
we have gone up about 8% wt CCR i n the t o t a l feedstock. 

Some remarks on FCC k i n e t i c s 

The r e s u l t s obtained i n our search f o r optimal s i m u l a t i o n c o n d i t i o n s 
can a l s o be i n t e r p r e t e d i n terms of the e f f e c t of r e a c t o r c o n d i t i o n s 
on the c r a c k i n g k i n e t i c s . 

For instance the formation of aromatics i n the gasoline f r a c t i o n 
increases s i g n i f i c a n t l y w i t h the r e a c t o r temperature, w h i l e the 
r a t e of aromatics formation remains r e l a t i v e l y constant, see 
f i g u r e 7. 

This seems to i n d i c a t e that mono-aromatics s h i f t i n g from the 
feed to the g a s o l i n e range due to s h a t t e r i n g of l a r g e molecules can 
be enhanced by higher r e a c t o r bottom temperatures. 

o 
oc 

70%WT CONV 
85 

0.5 1.0 1.5 
GASOLINE OLEFINICITY (0/P) 

Figure 4. Gasoline vs O l e f i n i c i t y . 
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\ 

-----H 
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\ COMMERCIAL \ "*'"-•• 
i i i i 
0.5 1.0 1 .5 2.0 

70%WT CONV. 

PRT 
ARCO riser 
545-520 C 

GASOLINE OLEFINICITY (0/P) 

Figure 5. MST Gasoline Composition. 

TABLE 4 . MST - Microscale Simulation Test Conditions 

PRT 
Riser 

MST Commercial 
FCC 

Feed dispersion N2 N2 > 2% St 
Preheat fast fast fast 

Contact time, s 
Catalyst 10 15 2-10 
Vapour 1-5 1-4 0.5-5 

Catalyst temp, C 
I n i t i a l 700 560 650-750 
Mix 545 550-560 540-580 
Exit 520 550-560 500-540 
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MOTOR OCTANES 
Commercial FCC 
Gasolines 

ARCO Pilot Rise 
Gasolines 

GC - MST 

MST Gasolines ' 

Accurate MST RON and MQN p r e d i c t i o n s 

Figure 6. MST RON and MON p r e d i c t i o n s . 

59 61 63 65 67 69 71 73 75 
CONVERSION, %WT 

PIANO •OCTANE MODEL 

Figure 7. Aromatics i n FCC ga s o l i n e . 
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144 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Demar e t . a l . (10) s t r e s s the need f o r such a thermal shock i n 
order to convert the asphaltenes present i n the feed. 

On the other hand, the above may a l s o mean that the i n i t i a l 
thermal dehydrogenation of naphthenic compounds i n FCC feed i s a step 
which determines the q u a n t i t y of hydrocarbons which can be converted 
to aromatics by hydrogen t r a n s f e r . 
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APPENDIX 
D e s c r i p t i o n of the MST t e s t 

By means of a syrin g e pump 1 gram of feedstock i s charged over the 
c a t a l y s t which i s placed i n the reactor i n the furnace. The c a t a l y s t 
i s placed i n the re a c t o r i n an anular bed w i t h an i n t e r n a l diameter 
of 9 mm and an outer diameter of 14 mm. The center of the bed i s 
f i l l e d w i t h a s t a i n l e s s s t e e l preheater. The shape of the bed 
prevents a temperature drop over the c a t a l y s t bed diameter. I t a l s o 
increases the surface of c a t a l y s t c o n t a c t i n g the w a l l , which helps 
to prevent the c a t a l y s t from dropping out of the r e a c t o r . 

A f t e r 15 seconds feeding time the c a t a l y s t i s s t r i p p e d w i t h 
n i t r o g e n f o r 15 minutes. The l i q u i d product i s c o l l e c t e d i n a 
glass product r e c e i v e r that i s cooled w i t h a mixture of d r y - i c e and 
acetone f o r the f i r s t 50 seconds. A f t e r that the mixture i s replaced 
by i c e and water. The gaseous product flows through the r e c e i v e r to 
the gas c o l l e c t i o n b o t t l e where i t i s c o l l e c t e d over water together 
w i t h the s t r i p p i n g n i t r o g e n . 

A gas sample i s taken by r e f i l l i n g the gas c o l l e c t i o n b o t t l e 
w i t h water and lea d i n g the gas that i s d i s p l a c e d by the water through 
the gas sample tube. 

A n a l y s i s of gases, l i q u i d product and coke on c a t a l y s t s permit 
the c a l c u l a t i o n of conversion and product s e l e c t i v i t y . 

Process flow schemes of the MST and P i l o t R i s e r Tests are given 
i n f i g u r e s 8 and 9. 
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13. O'CONNOR & HARTKAMP A Microscale Simulation Test 145 

SYRINGE PUMP 

FEED 

SUPPLY SYRINGE 

PRESSURE 
TRANSDUCER 

NITROGEN 
VESSEL 

PRESSURE 
REDUCER 

DRIER 

NITROGEN 

FLOW CONTROLLER 

' 4-WAY ••' 
k SLIDE VALVE 

GAS SAMPLE TUBE 

>{><H><-^ 

VACUUM 

GAS COLLECTION 
BOTTLE 

Figure 8. Flowscheme for MST. 
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146 CHARACTERIZATION AND CATALYST DEVELOPMENT 

FLUE GAS 

WET GAS 

Figure 9. Flowscheme for pilot riser. 
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13. O'CONNOR & HARTKAMP A Microscale Simulation Test 147 

Test c o n d i t i o n s 

Reactor temperature 
Feeding time 
Prepumping time 

Feedrate 
C a t a l y s t weight 
c/o 
Feedstock 
A n a l y t i c a l s : 
Sulphur, % wt 
To t a l Nitrogen ppm wt 
V i s c o s i t y , CSt, 50°C 
Density (19°C), kg/m3 

Conradson Carbon, wt% 
B o i l i n g range D-1160: 
IBP, °C 
10 v o l % 
30 v o l % 
50 v o l % 
70 v o l % 
90 v o l % 
FBP v o l % 

560°C 
15 seconds 
10 seconds (needed f o r a constant 
011 flow) 
0.0667 gram/sec. 
3-7 grams 
3-7 
Kuwait VGO 

2.93 
908 
45.1 
930-935 
0.6-0.7 

370 
391 
421 
451 
486 
527 
562 

R E C E I V E D January 26,1989 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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Chapter 14 

Improved Regeneration Quality with Length 
and Density Grading 

J . D. Seamans, J. G. Welch, and C. A. Vuitel 

Catalyst Recovery, Inc., Baltimore, M D 21215 

Primarily used as a post-regeneration treatment, the 
physical separation of reusable hydropressing catalysts 
from spent commercial material has been demonstrated 
using proprietary length and density grading (LDG) 
techniques developed by Catalyst Recovery, Inc. Length 
grading of catalyst extrudates provided a substantial 
improvement in the average length of recovered catalyst 
when compared to conventional screening. Density 
grading of spent catalysts has been shown to segregate 
catalyst particles based on their relative particle 
densities. Since the level of contaminants (e.g. V, Si , 
or C) can vary considerably through a catalyst bed, 
density grading has been used to recover the lighter 
(and more active) fraction for reuse. In cases where 
different catalysts become mixed, density differences 
have been used to recover the individual catalysts for 
reuse. 

In the management of spent c a t a l y s t , the r e f i n e r must decide i f 
recovery and reuse i s a v i a b l e o p t i o n t o consider. Oxyregeneration 
to remove carbon and s u l f u r deposits and r e s t o r e a c t i v i t y i s 
commonly p r a c t i c e d f o r a wide range of hydropressing c a t a l y s t s . A 
considerable amount of spent m a t e r i a l has not been considered f o r 
regeneration and reuse, because i t contained high l e v e l s of broken 
or metals contaminated p a r t i c l e s , o r, because of commingling of two 
or more d i f f e r e n t types of c a t a l y s t . U n t i l r e c e n t l y , no p h y s i c a l 
s e p a r a t i o n techniques were commercially a v a i l a b l e to the r e f i n e r f o r 
the recovery of good q u a l i t y c a t a l y s t which has been intermixed w i t h 
poorer q u a l i t y m a t e r i a l . 

LDG 

LDG, which stands f o r LENGTH AND DENSITY GRADING, i s a new develop
ment i n the management of spent c a t a l y s t s . The o b j e c t i v e of 
t h i s new technology developed by C a t a l y s t Recovery, Inc. i s to p i c k 
out reusable c a t a l y s t p a r t i c l e s from undesirable c a t a l y s t p a r t i c l e s . 
The a b i l i t y to e f f i c i e n t l y segregate i n d i v i d u a l c a t a l y s t p a r t i c l e s 

0097-6156/89/0411-0148$06.00/0 
© 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

4



14. SEAMANS ET AL. Improved Regeneration Quality with LDG 149 

i n t h i s manner has been shown to d r a m a t i c a l l y reduce the amount of 
c a t a l y s t r e l e g a t e d to d i s p o s a l or reclamation. 

Every month m i l l i o n s of pounds of c a t a l y s t are removed from 
r e a c t o r s and designated as not s u i t a b l e f o r regeneration and reuse 
because on an average they are too short or too h i g h l y contaminated 
f o r reuse to be p r a c t i c a l or economical. The key phrase i s on an 
average. In most cases the spent c a t a l y s t contains a d i s t r i b u t i o n 
of lengths and/or a range of contaminant l e v e l . Consequently, i t i s 
common to f i n d t h a t a s i z a b l e p o r t i o n of the spent m a t e r i a l would be 
a t t r a c t i v e f o r reuse i f i t could be gleaned from the mixture. The 
f o l l o w i n g data i l l u s t r a t e a few of the e x t r a o r d i n a r y r e s u l t s 
obtained from applying LDG to commercial s i t u a t i o n s . 

Length Grading 

LDG i s a c t u a l l y two separate techniques. As i t f s name i n d i c a t e s , 
Length Grading i s a method of separating longer p a r t i c l e s from 
s h o r t e r ones. Conventional screening can only remove f i n e s and 
p e l l e t s w i t h a length l e s s than the c a t a l y s t diameter. Oftentimes 
the remaining m a t e r i a l s t i l l does not meet length s p e c i f i c a t i o n s . 
Length grading can s e l e c t i v e l y r e j e c t short c a t a l y s t p a r t i c l e s w i t h 
lengths two or three times the diameter and recover only the best 
c a t a l y s t p a r t i c l e s f o r reuse. This i s p a r t i c u l a r l y b e n e f i c i a l f o r 
re a c t o r s which are pressure drop s e n s i t i v e . 

The a b i l i t y of t h i s technology to segregate c a t a l y s t at any 
de s i r e d length was demonstrated i n a t e s t performed on 1/32 inch 
diameter extruded c a t a l y s t . The spent c a t a l y s t was s t r i p p e d of o i l 
and then length graded i n t o three f r a c t i o n s : a short f r a c t i o n of 
l e s s than 1.5 mm i n le n g t h , a mid-range f r a c t i o n between 1.5 mm and 
3.5 mm, and the longest m a t e r i a l i n the greater than 3.5 mm 
f r a c t i o n . Table 1 and Figures 1 through 4 i l l u s t r a t e the 
e f f e c t i v e n e s s of t h i s process i n separating c a t a l y s t by i t s length 
r e g a r d l e s s of i t s diameter. The spread i n average lengths f o r the 
three f r a c t i o n s (1.2 mm f o r the s h o r t , 2.3 f o r the mid-range, and 
3.6 mm f o r the long) emphasizes the s u p e r i o r i t y of len g t h grading 
over screening. The separation at 3.5 mm represents a length 
f r a c t i o n which i s more than four times the diameter of t h i s 
c a t a l y s t . 

Although Length Grading i s capable of segregating c a t a l y s t at 
lengths of three or four times the p a r t i c l e diameter, i t i s 
g e n e r a l l y not necessary to do so. U s u a l l y the o b j e c t i v e of length 
grading i s to remove p a r t i c l e s w i t h lengths t h a t are l e s s than two 
times the p a r t i c l e diameter and to r a i s e the average length of the 
m a t e r i a l being considered f o r reuse. Table 2 summarizes the r e s u l t s 
from length grading a regenerated 1/10 in c h c a t a l y s t . About 22% of 
the c a t a l y s t was r e j e c t e d as short pieces and the average l e n g t h was 
increased from 3.3 mm to 4.3 mm on the recovered c a t a l y s t . 

A simple example of how t h i s technology can be a p p l i e d was 
provided by a r e f i n e r who overloaded a h y d r o t r e a t i n g u n i t w i t h f r e s h 
Co/Mo c a t a l y s t . The excess was vacuumed out of the u n i t and, i n 
doing so, was very badly broken. The r e f i n e r was very r e l u c t a n t to 
use the c a t a l y s t i n any of i t s h y d r o t r e a t e r s because of the high 
r i s k of pressure drop and plugging problems. The m a t e r i a l remained 
i n storage f o r over two years u n t i l CRI o f f e r e d the s e r v i c e of 
leng t h grading. Conventional screening followed by len g t h grading 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

4



150 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table 1. Length grading 

Stripped Catalyst (1/32 in.) (0.8mm) 

Catalyst Yield Average Length 

%w mm 

Feed — 2.3 

<1.5mm 16 1.2 

1.5-3.5mm 71 2.3 

> 3.5mm 13 3.6 

Figu: re 1. Stripped c a t a l y s t — u n g r a d e d . 
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Figure 2. Stripped c a t a l y s t ; <1.5 mm f r a c t i o n— 1 5 . 9 % v o l . 

40% 

35% -

30% -

25% -

c 20% h 
O 

15% -

10% -

5% ~ 

0% 

• i % Weight 

I I % Particles 

J L_ 
3 4 5 

0.5 Millimeter Increments 

Figure 3. Stripped c a t a l y s t ; 1.5-3.5 mm f r a c t i o n— 7 1 . 2 % v o l . 
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152 CHARACTERIZATION AND CATALYST DEVELOPMENT 
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Figure 4. Stripped c a t a l y s t ; >3.5 mm f r a c t i o n— 1 2 . 9 % v o l . 

Table 2. Length grading 

Regenerated Catalyst (1/10 in.) (2.5mm) 

Catalyst Yield Avg Length <3.Qmm 

%w mm %w 

Feed — 3.3 35 

Longs 78 4.3 9 

Shorts 22 2.4 90 
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14. SEAMANS ET AL. Improved Regeneration Quality with LDG 153 

r e s u l t e d i n the three products l i s t e d i n Table 3. The f i n e s and 
short p a r t i c l e s were sent to reclamation. The long p a r t i c l e s , which 
now had a much higher average l e n g t h , were returned to the r e f i n e r 
f o r use i n the h y d r o t r e a t e r . 

Without length grading, the r e f i n e r was planning to ship a l l of 
the m a t e r i a l to reclamation. A p p l i c a t i o n of LDG provided an 
economical way to recover a high q u a l i t y product as w e l l as reduce 
the amount of waste c a t a l y s t . 

Length grading i s a l s o g a i n i n g i n t e r e s t i n r e a c t o r turnarounds. 
This may be performed i n combination w i t h o f f - s i t e regeneration of 
as an a l t e r n a t i v e to screening i n the t y p i c a l dump, screen and 
r e l o a d procedure. Length grading can be a p p l i e d to f r e s h , 
regenerated or ever spent c a t a l y s t s as long as the m a t e r i a l i s f r e e 
f l o w i n g . 

Density Grading 

Density grading i s a technique by which c a t a l y s t p a r t i c l e s are 
segregated based on t h e i r i n d i v i d u a l d e n s i t i e s . This process i s 
most o f t e n performed f o l l o w i n g length grading s i n c e the 
e f f e c t i v e n e s s of d e n s i t y grading i s enhanced i f the p a r t i c l e s are of 
f a i r l y uniform s i z e . 

Density grading i s f l e x i b l e i n t h a t i t can be a p p l i e d to any 
s i z e or shape c a t a l y s t p a r t i c l e . The number of f r a c t i o n s produced 
and the weight percent of each can be adjusted to meet the r e f i n e r s ' 
needs. A t y p i c a l commercial separation produces three f r a c t i o n s . 
These are a heavy (or high p a r t i c l e d e n s i t y ) cut, a l i g h t (or low 
p a r t i c l e d e n s i t y ) cut, and a medium or mixed f r a c t i o n which may be 
r e c y c l e d to the d e n s i t y grader f o r r e s p l i t t i n g . 

A wide range of o p p o r t u n i t i e s f o r regeneration and/or 
recovering reusable c a t a l y s t s have been i d e n t i f i e d . These i n c l u d e 
the f o l l o w i n g sources of contaminated c a t a l y s t : 
* F i x e d bed heavy o i l processing u n i t s which have a gradient of 
vanadium and n i c k e l contamination from top to bottom i n the r e a c t o r . 
* E b u l l a t e d bed r e s i d u n i t s w i t h broad d i s t r i b u t i o n of c a t a l y s t age 
and contaminant l e v e l . 
^Regeneration of C a t a l y t i c reforming u n i t s which in c l u d e s some 
c a t a l y s t w i t h high l e v e l s of r e s i d u a l g r a p h i t i c carbon l e v e l s and 
high d e n s i t y " c o l l a p s e d " p a r t i c l e s . 
*Coker naphtha h y d r o t r e a t i n g u n i t s w i t h a range of s i l i c a 
contamination. 

In a d d i t i o n , d e n s i t y grading has been shown to be very 
e f f e c t i v e i n s e p a r a t i on of c a t a l y s t mixtures to enhance regeneration 
q u a l i t y and p o s s i b i l i t y . 
^Hydrocracking and Hydrotreating c a t a l y s t mixtures from hydrocracker 
post t r e a t beds. 
^Mixtures of Ni/Mo and Co/Mo or Ni/W c a t a l y s t s from stacked bed 
h y d r o t r e a t e r s . 
^ A c t i v e and i n e r t bed support mixtures. 

LDG segregation of c a t a l y s t by vanadium l e v e l has been st u d i e d 
e x t e n s i v e l y . A t e s t performed on a nickel-molybdenum c a t a l y s t i s 
summarized i n Table 4. In t h i s t e s t case the vanadium l e v e l on the 
l i g h t e s t f r a c t i o n was l e s s t h a t a t h i r d of that on the heaviest 
f r a c t i o n . Surface area and compacted bulk d e n s i t y c o r r e l a t e d w i t h 
the l e v e l of vanadium contamination. Most importantly, i t was shown 
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154 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table 3. Length graded 

Fresh 1/16 Inch Cobalt/Moly 

Product Yield 
Particle 

Size Range 
Average 
Length Disposition 

w% mm mm 

Fines 36 <1.4 Reclamation 

Short 
Particles 23 1.2 to 2.2 1.8 Reclamation 

Long 
Particles 41 2.0 to 4.5 2.9 Reuse 

•Catalyst Was Damaged When Excess Material Was Vacuumed From 
Overloaded Reactor. 

Table 4. Density grading 

1/25 Inch Nickel/Moly 

Catalyst Yield CBD S.A. RVA* 

%v Lbs/Cu Ft m2/g % 
Fresh — 36 330 0 100 

Composite — 53 232 9.0 74 

Light 28 44 293 4.7 84 

Med-Light 36 48 269 7.2 76 

Med-Heavy 16 52 233 10.0 69 

Heavy 20 66 125 14.7 51 

•Relative Volume HDS Activity As Compared to the Fresh Nickel/ 
Molybdenum Catalyst. 
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14. SEAMANSETAL. Improved Regeneration Quality with LDG 155 

t h a t the l i g h t and medium-light f r a c t i o n s had acceptable 
h y d r o d e s u l f u r i z a t i o n a c t i v i t y once the medium-heavy and heavy 
f r a c t i o n s were removed. 

C o n s u l t a t i o n w i t h the r e f i n e r l e d to the con c l u s i o n t h a t 
between 1/3 and 2/3 of the spent m a t e r i a l generated from t h i s source 
could be reused before being sent to reclamation. 

A second example of the p o t e n t i a l of LDG f o r recovering 
reusable c a t a l y s t from low-grade mixtures i s presented i n Table 5. 
In t h i s case, the primary contaminant was s i l i c a . A t e s t 
a p p l i c a t i o n of LDG to t h i s spent c a t a l y s t generated three product 
f r a c t i o n s w i t h very d i f f e r e n t s i l i c a l e v e l s and d e s u l f u r i z a t i o n 
a c t i v i t y . Test r e s u l t s were then used to determine the optimum cut 
poi n t to recover the most v a l u a b l e c a t a l y s t and r e j e c t only the most 
h e a v i l y contaminated m a t e r i a l . 

E x c e p t i o n a l r e s u l t s were obtained i n a t e s t on naphtha reformer 
c a t a l y s t which u t i l i z e d a continuous c a t a l y s t regeneration s e c t i o n . 
In t h i s type of s e r v i c e , i t i s p o s s i b l e f o r a g r a p h i t i c carbon 
deposit t o b u i l d up over a pe r i o d of time. This form of carbon does 
not regenerate e a s i l y . When i s does burn, the l o c a l i z e d high 
temperatures generated can c o l l a p s e the c a t a l y s t s t r u c t u r e r e s u l t i n g 
i n a low surface area i n a c t i v e p e l l e t . 

As presented i n Table 6, LDG recovered 85% of the m a t e r i a l as 
high q u a l i t y m a t e r i a l w i t h a carbon l e v e l of only 0.1%. The heavy 
f r a c t i o n contained the c o l l a p s e d p e l l e t s plus the d i f f i c u l t - t o -
regenerate p a r t i c l e s w i t h an average r e s i d u a l carbon of 11%. 

As mentioned e a r l i e r , LDG can a l s o be used t o segregate 
mixtures of d i f f e r e n t types of c a t a l y s t . Table 7 summarizes an LDG 
separ a t i o n performed on a mixture of 1/16" spent Ni/W hydrocracking 

Table 5. Density grading 
1/16 Inch Cobalt/Moly (1.6mm) 

As Received 
Carbon, w% 3.6 
Sulfur, w% 5.5 

Regenerated/Density Graded 
Composite Heavy Medium Light 

w% of Composite 18.4 53.6 28.0 
CBO, g/cc 0.87 0.94 0.87 0.82 
C, w% 0.07 0.06 0.07 0.09 
S, w% 1.3 1.1 1.3 1.4 
SA, m2/g 155 140 156 162 
PV, cc/g 0.41 0.33 0.42 0.43 
Co, w% 2.2 2.1 2.2 2.1 
Mo 9 9 9 9 
Contaminant SI 3.2 5.8 3.4 1.0 
RVA, % * 75 67 77 85 

• Relative Volume HOS Activity At Compared to the Fresh Cobalt/Molybdenum Catalyst. 
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156 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table 6. Regenerated naphtha reforming c a t a l y s t 

LDG Products 

Fraction Yield Carbon Sulfur 

w% w% w% 

Light 85 0.1 0.2 

Heavy* 
(>1.4mm) 

12 11 0.2 

Heavy* 
(<1.4mm) 

3 0.04 0.02 

The Heavy Product Was S c r e e n e d at 1.4mm to Separate the Co l l a p sed H igh 
Oenslty Cata lyst F rom the Carbon-Contamina ted Cata lyst . 

Table 7. Hydrocracking/hydrotreating c a t a l y s t mixture 

LDG Products 

Surface 

Fraction Yield Area Description 

w% m2/g 

Light 20 165 85% HT Catalyst for 
Reclamation 

M e d i u m 25 2 0 0 M i x of H T a n d H C for L D G 

Recycling 

Heavy 55 240 98% HC Catalyst for Reuse 
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14. SEAMANS ET AL. Improved Regeneration Quality with LDG 157 

and Co/Mo h y d r o t r e a t i n g c a t a l y s t s . The source of the m a t e r i a l was a 
m i l d hydrocracker. The r e f i n e r considered the high value 
hydrocracking c a t a l y s t s as having e x c e l l e n t reuse p o t e n t i a l . The 
presence of the dea c t i v a t e d h y d r o t r e a t i n g c a t a l y s t , however, 
thwarted i t s reuse. Reclamation of the spent Co Mo h y d r o t r e a t i n g 
c a t a l y s t was a l s o hindered by the presence of the n i c k e l - t u n g s t e n 
hydrocracking c a t a l y s t s i n c e metal r e c l a i m e r s have low t o l e r a n c e 
l i m i t s f o r tungsten i n t h e i r recovery processes. 

This type of sepa r a t i o n i s very economically a t t r a c t i v e t o the 
r e f i n e r s i n c e i t enables regeneration and reuse of the high value 
m a t e r i a l and f a c i l i t a t e s reclamation of the spent c a t a l y s t . 

C l e a r l y the p r e f e r r e d choice i n the management of spent 
c a t a l y s t i s to recover a l l of the c a t a l y s t which i s s t i l l a c t i v e 
enough f o r reuse. Several examples have been described i n t h i s 
paper i n which spent m a t e r i a l was considered u n s u i t a b l e f o r reuse 
because, on an average, the mixture was too short or too h i g h l y 
contaminated. The LDG technology developed by C a t a l y s t Recovery, 
Inc. has been shown to be a powerful t o o l f o r recove r i n g high 
q u a l i t y c a t a l y s t from poorer m a t e r i a l and thereby i n c r e a s i n g the 
y i e l d of reusable c a t a l y s t and minimizing c a t a l y s t waste. 

Reference: 
1. Welch, J . G. and Ellingham, R. E., 1988 U. S. Patent No. 

4,720,473, Production of Improved Catalyst-Type Particles Using 
Length and Density Grading. 

RECEIVED June 20, 1989 
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Chapter 15 

Statistical Models of Transport and Reaction 
in Porous Media and Their Applications 

in Catalysis 

Muhammad Sahimi and Theodore T. Tsotsis 

Department of Chemical Engineering, University of Southern California, 
Los Angeles, C A 90089-1211 

Most industrial catalysts have a complex, 
tortuous porous structure. In the past, 
transport and reaction in such catalysts were 
described by continuum-type diffusion
-reaction models ut i l i z ing effective transport 
and reaction constants and ad hoc parameters 
such as the tortuosity factor. In recent 
years i t has become clear that such modeling 
approaches are often inadequate and in many 
instances lead to qualitatively wrong 
conclusions. This has prompted the 
development of a new class of models based on 
a s tat is t ical description of the catalyst's 
pore structure and on microscopic modeling of 
the transport and reaction processes at the 
single pore level. Only one class of such 
stat is t ical models are discussed here, 
namely, those describing transport and 
reaction in reactive porous media, which are 
simultaneously undergoing morphological 
changes due to the reaction processes 
themselves. The best known such models are 
these which describe catalyst deactivation 
due to active site coverage and pore 
blockage. Many other phenomena and processes 
in catalysis are also amenable to such a 
theoretical description. These include the 
impregnation of porous supports by 
catalytically active metals and loss of 

0097-6156/89/0411-0158$06.25/0 
© 1989 American Chemical Society 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 159 

catalytic a c t i v i t y due to s in ter ing , 
attrition and break-up of catalyst p a r t i c l e s 
due to thermal and mechanical factors and 
i r r e v e r s i b l e sorption of organic 
macromolecules in catalysts with r e s t r i c t e d 
porous structures ( i . e . , zeo l i tes and 
pillared clays). A close re la t ionsh ip and 
analogy also exists between s t a t i s t i c a l 
models of transport and react ion in porous 
cata lysts and the more general models 
describing fluid-solid react ive systems. The 
similarities and differences between these 
models are discussed in th i s paper. 

Many phenomena and o p e r a t i o n s o f e n g i n e e r i n g i n t e r e s t 
i n v o l v e p h y s i c o c h e m i c a l i n t e r a c t i o n o f a f l u i d w i t h t h e 
s o l i d s u r f a c e o f a porous medium. A number o f such 
p r o c e s s e s a re f u r t h e r m o r e c h a r a c t e r i z e d by a co n t i n u o u s 
a l t e r a t i o n o f the pore s t r u c t u r e by v i r t u e o f p h y s i c a l 
and/or c h e m i c a l changes brought upon the s o l i d and i t s 
pore s t r u c t u r e by t he c o n t a c t i n g f l u i d (1). In 
c a t a l y s i s such p r o c e s s e s i n c l u d e (the l i s t i s by no 
means e x h a u s t i v e ) c a t a l y s t d e a c t i v a t i o n due t o a c t i v e 
s i t e coverage by p o i s o n s and pore b l o c k a g e due t o 
d e p o s i t i o n o f coke (2,3), i r r e v e r s i b l e c h e m i s o r p t i o n o f 
o r g a n i c macromolecules i n c a t a l y s t s w i t h pore s i z e s o f 
dimensions comparable w i t h t h e a d s o r b i n g m o l e c u l e s (the 
b e s t known example b e i n g s o r p t i o n o f hydrocarbons i n 
z e o l i t e s and p i l l a r e d c l a y s (A)), porous support 
i m p r e g n a t i o n by metal s and l o s s i n a c t i v i t y due t o 
s i n t e r i n g ( 5 ) , and a t t r i t i o n and c a t a l y s t f r a g m e n t a t i o n 
due t o t h e r m a l and mechanical causes. Best known 
examples from o t h e r s c i e n t i f i c and e n g i n e e r i n g 
d i s c i p l i n e s i n c l u d e p a r t i c l e d e p o s i t i o n i n deep-bed 
f i l t r a t i o n (£) and f i n e s m i g r a t i o n i n porous r e s e r v o i r s 
(7-9), n o n c a t a l y t i c g a s - s o l i d r e a c t i o n s (10-15) and 
a c i d r o ck d i s s o l u t i o n (16-18). 

In c a t a l y t i c systems m o r p h o l o g i c a l changes o f t h e 
pore s t r u c t u r e , brought upon by the r e a c t i o n and 
s o r p t i o n p r o c e s s e s , t y p i c a l l y r e s u l t i n a r e d u c t i o n o f 
the a v a i l a b l e pore volume. In some i n s t a n c e s t h e 
i n t e r n a l pore s t r u c t u r e i s e v e n t u a l l y b l o c k e d and 
becomes c o m p l e t e l y i n a c c e s s i b l e t o t r a n s p o r t and/or 
r e a c t i o n . I n t he f i e l d of n o n c a t a l y t i c f l u i d - s o l i d 
r e a c t i o n s and a c i d rock d i s s o l u t i o n , on the o t h e r hand, 
th e c h e m i c a l r e a c t i o n consumes t h e s o l i d m a t r i x o f t h e 
porous medium l e a d i n g e v e n t u a l l y t o f r a g m e n t a t i o n and 
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160 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i n some i n s t a n c e s t o t o t a l consumption o f t h e r e a c t i v e 
s o l i d . I n d i v i d u a l examples e x i s t , however, i n b o t h 
f i e l d s , which do not n e c e s s a r i l y f i t t he above g e n e r a l 
d e s c r i p t i o n . The pore p l u g g i n g phenomenon, f o r 
example, a l s o o c c u r s i n n o n c a t a l y t i c g a s - s o l i d 
r e a c t i o n s , when the m o l a l volume o f the s o l i d p r o d u c t 
i s l a r g e r t han t h a t o f t he s o l i d r e a c t a n t , as i n t h e 
case o f c a l c i n e d l i m e s t o n e s u l p h a t i o n (19,20). In 
c a t a l y s i s many r e a c t i o n s i n v o l v i n g c o r r o s i v e r e a c t a n t s 
such as HC1, HF, C l 2 and 0 2 are o f t e n accompanied by 
ch e m i c a l d i s s o l u t i o n o f the porous s o l i d s u p p o r t , which 
a l s o r e s u l t s i n pore volume enlargement, a t t r i t i o n and 
f r a g m e n t a t i o n o f t he porous c a t a l y s t . Models o f 
n o n c a t a l y t i c f l u i d - s o l i d r e a c t i o n systems are of d i r e c t 
r e l e v a n c e i n t h i s case. 

C a t a l y s t s l i k e z e o l i t e s and p i l l a r e d c l a y s a re 
g e n e r a l l y c h a r a c t e r i z e d by v e r y r e g u l a r and w e l l -
d e f i n e d porous s t r u c t u r e s . On t h e o t h e r hand, t h e 
gr e a t m a j o r i t y o f i n d u s t r i a l c a t a l y t i c s u p p o r t s have 
v e r y complex, t o r t u o u s and i n t e r c o n n e c t e d porous 
s t r u c t u r e s and c l e a r l y b e l o n g t o t h e more g e n e r a l c l a s s 
o f d i s o r d e r e d porous media. Such porous media are 
t y p i c a l l y c h a r a c t e r i z e d by s e v e r a l l e n g t h s c a l e s and 
the a s s o c i a t e d i n h o m o g e n e i t i e s . E x p e r i m e n t a l l y 
measured p r o p e r t i e s , such as e f f e c t i v e t r a n s p o r t 
c o e f f i c i e n t s o f c a t a l y s t p e l l e t s are t y p i c a l l y p e l l e t -
volume averages o f l o c a l ( p o i n t ) t r a n s p o r t 
c o e f f i c i e n t s . U n f o r t u n a t e l y , f o r d i s o r d e r e d porous 
media t h e d e f i n i t i o n o f a l o c a l or p o i n t t r a n s p o r t 
c o e f f i c i e n t (or a r e a c t i o n r a t e f o r t h a t matter) i s not 
always v e r y c l e a r . Such l o c a l q u a n t i t i e s a re i n 
g e n e r a l , a l s o themselves volume averages (over a l o c a l 
volume V) o f the c o r r e s p o n d i n g m i c r o s c o p i c p r o p e r t i e s . 
Such a l o c a l volume V must, o f course, be much s m a l l e r 
t h a n t h e p a r t i c l e volume i t s e l f f o r t h e t r a n s p o r t 
p r o p e r t y t o q u a l i f y as l o c a l but l a r g e enough f o r t h e 
t r a n s p o r t e q u a t i o n s t o h o l d , when a p p l i e d t o t h a t 
volume. E x c e l l e n t d i s c u s s i o n s about volume a v e r a g i n g 
t e c h n i q u e s as they a p p l y t o problems o f t r a n s p o r t and 
r e a c t i o n i n c a t a l y t i c and n o n c a t a l y t i c porous media can 
be found i n t h e papers by Whitaker (21,22) . An 
a l t e r n a t i v e approach t o t he volume a v e r a g i n g t e c h n i q u e 
i s a f f o r d e d by s t a t i s t i c a l methods. 

Two d i f f e r e n t approaches have emerged i n t h e 
s t a t i s t i c a l modeling o f c a t a l y t i c and n o n c a t a l y t i c 
r e a c t i v e porous media. In the f i r s t approach, which i s 
an i n t e g r a t e d m a c r o s c o p i c - m i c r o s c o p i c method, one uses 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 161 

continuum t r a n s p o r t and r e a c t i o n f i e l d e q u a t i o n s t o 
d e s c r i b e t h e b e h a v i o r of c a t a l y s t p a r t i c l e s . One 
u t i l i z e s a m i c r o s c o p i c s t a t i s t i c a l d e s c r i p t i o n o f the 
porous s t r u c t u r e , however, i n o r d e r t o develop f o r m u l a s 
which p r e d i c t t h e l o c a l e f f e c t i v e ( l o c a l volume 
averaged) t r a n s p o r t and r e a c t i o n c o e f f i c i e n t s . In the 
second approach, one u t i l i z e s a complete m i c r o s c o p i c 
s t a t i s t i c a l d e s c r i p t i o n of b o t h the c a t a l y s t ' s pore 
s t r u c t u r e as w e l l as the t r a n s p o r t and c a t a l y t i c 
r e a c t i o n events o c c u r i n g . The former approach i s by 
f a r t h e most commonly u t i l i z e d i n t h e f i e l d o f 
c a t a l y s i s and i n t h e modeling o f n o n c a t a l y t i c f l u i d -
s o l i d r e a c t i o n systems. The reasons f o r t h i s s h o u l d , 
of c o u r s e , be obvious s i n c e the i n t e g r a t e d m a c r o s c o p i c -
m i c r o s c o p i c s t a t i s t i c a l modeling approach does not 
r e p r e s e n t as d r a s t i c o f a p h i l o s o p h i c a l d e p a r t u r e (as 
are t h e c o m p l e t e l y m i c r o s c o p i c s t a t i s t i c a l models) from 
the o l d macroscopic models u s i n g ad hoc e f f e c t i v e 
t r a n s p o r t p r o p e r t i e s . T h i s modeling approach s u f f e r s 
from a major weakness, however, which i s t h e r e s u l t o f 
the fundamental assumption of the model t h a t t h e 
m a c r o s c o p i c c o n t i n u o u s f i e l d e q u a t i o n s do a p p l y i n t h e 
d e s c r i p t i o n o f t r a n s p o r t and r e a c t i o n i n d i s o r d e r e d 
porous media. T h i s i s not always t r u e f o r a l l 
problems. C a t a l y s t d e a c t i v a t i o n due t o s i t e coverage 
and pore b l o c k a g e , an example w i t h which we d e a l more 
e x t e n s i v e l y i n t h i s paper, i s one of t h o s e cases f o r 
which the a p p l i c a b i l i t y o f m a c r o s c o p i c contiuum 
e q u a t i o n s o f t r a n s p o r t and r e a c t i o n i s q u e s t i o n a b l e 
(I) , e s p e c i a l l y near the p o i n t o f complete m a c r o s c o p i c 
b l o c k a g e o f the porous s t r u c t u r e ( p e r c o l a t i o n 
t h r e s h o l d ) . F u r t h e r d i s c u s s i o n o f t h e s e i s s u e s can be 
found elsewhere (I) . 

In what f o l l o w s we r e v i e w a number o f t e c h n i c a l 
q u e s t i o n s and i s s u e s i n v o l v e d i n the s t a t i s t i c a l 
m o deling of c a t a l y t i c a l l y - r e a c t i v e porous media. We 
use c a t a l y s t d e a c t i v a t i o n as an example, i n o r d e r t o 
address some of t h e s e i s s u e s , because c a t a l y s t 
d e a c t i v a t i o n has r e c e i v e d the g r e a t e s t a t t e n t i o n so f a r 
i n t h e f i e l d o f s t a t i s t i c a l modeling o f c h e m i c a l l y 
r e a c t i v e porous media. Work i s c u r r e n t l y i n p r o g r e s s 
i n s e v e r a l l a b o r a t o r i e s on modeling, by s t a t i s t i c a l 
t e c h n i q u e s , o f a number of o t h e r c a t a l y t i c p r o c e s s e s 
such as s o r p t i o n and t r a n s p o r t i n z e o l i t e s and p i l l a r e d 
c l a y s (A) , c a t a l y s t i m p r e g n a t i o n , s i n t e r i n g and 
m e c h a n i c a l and t h e r m a l d e g r a d a t i o n and a t t r i t i o n o f 
porous c a t a l y t i c s u p p o r t s (5) . Due t o space 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

5



162 CHARACTERIZATION AND CATALYST DEVELOPMENT 

l i m i t a t i o n s we w i l l not d i s c u s s any of t h e s e p r o c e s s e s 
here. We would l i k e t o d i r e c t our r e a d e r s , however, t o 
one o f our r e c e n t papers (1) i n which t h e g e n e r a l 
s u b j e c t o f s t a t i s t i c a l modeling o f r e a c t i v e porous 
media i s rev i e w e d i n g r e a t d e t a i l . 

STATISTICAL MODELING OF CATALYST DEACTIVATION 

As mentioned above, an area i n which t h e concepts and 
t e c h n i q u e s o f s t a t i s t i c a l p h y s i c s o f d i s o r d e r e d media 
have found u s e f u l a p p l i c a t i o n i s t he phenomenon o f 
c a t a l y s t d e a c t i v a t i o n . D e a c t i v a t i o n i s t y p i c a l l y 
caused by a c h e m i c a l s p e c i e s , which adsorbs on and 
p o i s o n s t h e c a t a l y s t ' s s u r f a c e and f r e q u e n t l y b l o c k s 
i t s porous s t r u c t u r e . One f i n d s t h a t o f t e n r e a c t a n t s , 
p r o d u c t s and r e a c t i o n i n t e r m e d i a t e s , as w e l l as v a r i o u s 
r e a c t a n t stream i m p u r i t i e s , a l s o s e r v e as p o i s o n s 
and/or p o i s o n p r e c u r s o r s . In a d d i t i o n t o t he above 
mode o f d e a c t i v a t i o n , u s u a l l y c a l l e d c h e m i c a l 
d e a c t i v a t i o n (Z3.) / c a t a l y s t p a r t i c l e s a l s o d e a c t i v a t e 
due t o t h e r m a l and mechanical causes. Thermal 
d e a c t i v a t i o n ( s i n t e r i n g ) , i n p a r t i c u l a r , and p a r t i c l e 
a t t r i t i o n and break-up due t o t h e r m a l and mec h a n i c a l 
causes, are amenable t o modeling u s i n g t h e concepts o f 
s t a t i s t i c a l p h y s i c s o f d i s o r d e r e d media, but as a l r e a d y 
mentioned above t h e s u b j e c t w i l l not be d e a l t w i t h i n 
t h i s paper. 

In modeling c a t a l y s t d e a c t i v a t i o n , one has t o d e a l 
w i t h a c a t a l y s t p a r t i c l e which o f t e n has a t o r t u o u s 
porous s t r u c t u r e . Moreover, t h e pore space o f t he 
c a t a l y s t changes d u r i n g t h e d e a c t i v a t i o n p r o c e s s , and 
the pore volume always decreases w i t h p r o c e s s time 
(24,25). I t i s , o f cou r s e , such m o r p h o l o g i c a l changes 
t h a t have made modeling o f f l u i d - s o l i d r e a c t i o n s and 
c a t a l y s t d e a c t i v a t i o n a d i f f i c u l t t a s k , one t h a t up t o 
r e c e n t l y d e f i e d m e a n i n g f u l modeling. Because o f i t s 
i n d u s t r i a l s i g n i f i c a n c e , numerous t h e o r e t i c a l and 
e x p e r i m e n t a l i n v e s t i g a t i o n s have so f a r been devoted t o 
the study o f c a t a l y s t d e a c t i v a t i o n and a comprehensive 
r e v i e w exceeds t h e scope o f t h i s paper. A number o f 
e x c e l l e n t g e n e r a l r e v i e w papers e x i s t f o r i n an i n -
depth study o f t h e s u b j e c t (24-28). 

E a r l y e f f o r t s t o model c a t a l y s t d e a c t i v a t i o n 
e i t h e r u t i l i z e d s i m p l i f i e d models o f the c a t a l y s t ' s 
porous s t r u c t u r e , such as a bundle o f n o n i n t e r s e c t i n g 
p a r a l l e l p o r e s , or pseudo-homogeneous d e s c r i p t i o n s i n 
terms o f e f f e c t i v e d i f f u s i v i t i e s and t o r t u o s i t y 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 163 

f a c t o r s . Both modeling approaches have a number o f 
s e r i o u s s h o r t c o m i n g s . The bundle o f pores models 
account f o r t h e geometry (pore s i z e d i s t r i b u t i o n ) o f a 
porous medium, but f a i l t o d e s c r i b e i t s t o p o l o g y 
(connectedness). F a i l u r e t o account f o r t h e c a t a l y s t ' s 
t o p o l o g y o f t e n r e s u l t s i n s e r i o u s e r r o r s and wrong 
c o n c l u s i o n s , as i s d i s c u s s e d below. On t h e o t h e r hand, 
th e pseudo-homogeneous models u s i n g m a c r o s c o p i c 
continuum d i f f u s i o n - r e a c t i o n e q u a t i o n s appear t o bypass 
th e need f o r a d e s c r i p t i o n o f t he c a t a l y s t ' s pore 
s t r u c t u r e and have, th r o u g h t h e y e a r s , been f a v o r e d by 
most w o r k i n g i n the a r e a . They r e q u i r e , however, a 
p r i o r knowledge o f d i f f u s i v i t y , t o r t u o s i t y f a c t o r and 
s u r f a c e a r e a , parameters which depend on t h e h i s t o r y o f 
the porespace. The b e s t one can hope f o r i s e m p i r i c a l 
f o r m u l a s . The t o r t u o s i t y f a c t o r , i n p a r t i c u l a r , i s an 
ad hoc parameter, t h e s o l e purpose o f which i s t o make 
the p r e d i c t i o n s o f t he e m p i r i c a l formulas agree w i t h 
d a t a . As such i t not o n l y depends on the porespace and 
i t s h i s t o r y , but a l s o on the m o l e c u l a r s i z e o f 
r e a c t a n t s and p r o d u c t s and on c o n v e r s i o n . As mentioned 
i n t h e i n t r o d u c t i o n , a number o f o t h e r problems are 
a s s o c i a t e d w i t h t h e use o f macroscopic continuum 
d i f f e r e n t i a l e q u a t i o n s t o d e s c r i b e t r a n s p o r t and 
r e a c t i o n i n d i s o r d e r e d porous media and, i n p a r t i c u l a r , 
c a t a l y s t d e a c t i v a t i o n . Near t h e p e r c o l a t i o n t h r e s h o l d , 
i . e . , t h e p o i n t at which the c a t a l y s t p a r t i c l e l o s e s 
i t s g l o b a l c o n n e c t i v i t y , the c o r r e l a t i o n l e n g t h \, (the 
l e n g t h s c a l e over which t h e pore space o f the c a t a l y s t 
i s m a c r o s c o p i c a l l y homogeneous) i s l a r g e , and t h e 
system i s not homogeneous on any l e n g t h s c a l e L s m a l l e r 
t han Then, c a t a l y s t d e a c t i v a t i o n does not admit a 
continuum-type d e s c r i p t i o n f o r L<^. Even away from t h e 
p e r c o l a t i o n t h r e s h o l d , however, one s h o u l d e x e r c i s e 
c a r e i n t h e pr o p e r f o r m u l a t i o n and use of d i f f e r e n t i a l 
e q u a t i o n s . The common p r a c t i c e o f s e p a r a t i n g t r a n s p o r t 
and r e a c t i o n s t e p s i s wrong, when one d e a l s w i t h 
s u r f a c e r e a c t i o n s c h a r a c t e r i z e d by f a s t and slow s t e p s 
and m o b i l e b u l k and s u r f a c e r e a c t a n t s , p r o d u c t s and 
i n t e r m e d i a t e s , and r e s u l t s i n d i f f u s i v i t i e s and 
r e a c t i o n c o n s t a n t s which are c o n c e n t r a t i o n ( c o n v e r s i o n ) 
dependent ( f o r f u r t h e r d i s c u s s i o n see (22.) ) • 

Some o f the e a r l i e s t s t a t i s t i c a l models o f 
c a t a l y s t d e a c t i v a t i o n were developed by Froment and co
workers (30-35). T h e i r models r e p r e s e n t a d i s t i n c t 
improvement over t h e bundle o f tubes and pseudo-
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164 CHARACTERIZATION AND CATALYST DEVELOPMENT 

homogeneous models, and have s i n c e s t i m u l a t e d 
a d d i t i o n a l i n t e r e s t i n s t a t i s t i c a l modeling o f c a t a l y s t 
d e a c t i v a t i o n . These models were developed t o d e s c r i b e 
c a t a l y s t d e a c t i v a t i o n due t o c o k i n g , but are a l s o 
g e n e r a l enough t o d e s c r i b e c a t a l y s t d e a c t i v a t i o n by 
s i t e coverage and pore b l o c k a g e due t o d e p o s i t s o t h e r 
t h a n coke, such as me t a l s , t y p i c a l o f c a t a l y s t 
d e a c t i v a t i o n d u r i n g h y d r o d e m e t a l l a t i o n . We w i l l r e v i e w 
here some o f the most imp o r t a n t a s p e c t s o f th e s e models 
t h a t have p l a y e d an imp o r t a n t r o l e i n t h e t h i n k i n g and 
development o f subsequent s t a t i s t i c a l models o f 
c a t a l y s t d e a c t i v a t i o n . 

F o r a r e a c t i o n o f t he form A —» B one d e f i n e s t h e 
r a t e o f the r e a c t i o n as 

r A = rA>A ' 0 * *A * 1 <*> 

where r A i s t h e r a t e a t t=0 (before d e a c t i v a t i o n has 
commenced) and <|)A accounts f o r t h e d e c l i n e i n a c t i v i t y 
due t o d e a c t i v a t i o n . r A i s t y p i c a l l y e x p r e s s e d as 

r A = k A C t A f < C A ' C B ' K A ' K B > < 2 ) 

w i t h k A t h e r e a c t i o n c o n s t a n t , C t the t o t a l 
c o n c e n t r a t i o n o f a c t i v e s i t e s , n A the number o f a d j a c e n t 
s u r f a c e s i t e s p a r t i c i p a t i n g i n t he r e a c t i o n and f t h e 
r e a c t i o n r a t e e x p r e s s i o n , which i n c l u d e s v a r i o u s r a t e 
and thermodynamic e q u i l i b r i u m c o n s t a n t s . The p o i s o n i n g 
o f a c t i v e s i t e s a l s o d e a c t i v a t e s t he d e a c t i v a t i n g 
r e a c t i o n r a t e r c and one w r i t e s an e x p r e s s i o n s i m i l a r t o 
(1) f o r t he d e a c t i v a t i o n r a t e r c , i . e . , 

r c = r£ ̂ c (3) 

and an e x p r e s s i o n s i m i l a r t o (2) f o r r°. For t h e 
d i s c u s s i o n here n A = n c = 1 ( f o r a more g e n e r a l 
t r e a t m e n t see Q5) ) . In cases w i t h no pore b l o c k a g e 
( d e a c t i v a t i o n due o n l y t o p o i s o n i n g ) one con c l u d e s t h a t 

C c e b e i n g t h e c o n c e n t r a t i o n o f p o i s o n e d a c t i v e s i t e s . 
When no pore b l o c k a g e o c c u r s i n g e n e r a l 
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15. SAHIMI&TSOTSIS Statistical Models of Transport and Reaction 165 

C t - C c e (5) 

The e x a c t f u n c t i o n a l form o f <|>A or <|>c has been t h e 
s u b j e c t o f c o n s i d e r a b l e debate i n the f i e l d o f c a t a l y s t 
d e a c t i v a t i o n (36-39). To develop t h i s f u n c t i o n a l form 
on f i r s t p r i n c i p l e s , Froment et a l . d e f i n e d a l o c a l 
(|)(t), which i s the coverage o f a c t i v e s i t e s a t t i m e t , 
i . e . , the s i t e s t h a t are not p o i s o n e d and/or have not 
become i n a c c e s s i b l e due t o b l o c k a g e i n t h e p o r e s . I n 
p r o b a b i l i s t i c terms <j)(t) i s e x p r e s s e d as ( f o r f u r t h e r 
d e t a i l s see (30-35)) 

4><t) = P ( t ) S ( t ) (6) 

where P ( t ) i s the p r o b a b i l i t y t h a t a s i t e i s a c c e s s i b l e 
a t t i m e t , and S ( t ) the c o n d i t i o n a l p r o b a b i l i t y t h a t 
t h e s i t e i s not covered p r o v i d e d t h a t i t i s a c c e s s i b l e 
a t time t . In the absence o f i n t r a p a r t i c l e 
c o n c e n t r a t i o n and temperature g r a d i e n t s S i s d e s c r i b e d 
by t h e f o l l o w i n g e q u a t i o n 

dS = E£_ Q = - R ° S (7) 
dt M cC ta b r S b { n 

w i t h Mc b e i n g the m o l e c u l a r weight o f coke, i . e . , the 
d e p o s i t t h a t p o i s o n s the c a t a l y s t and b l o c k s the 
p o r e s . I n t e g r a t i n g e q u a t i o n (7) vnote t h a t S = 1 at 
t = 0 ) , one o b t a i n s 

S ( t ) = exp(-r° t ) (8) 

F o r a s i n g l e pore at the pore mouth one e x p e c t s t h a t 
P ( t ) = 1. Beyond the pore mouth P (t) d e c r e a s e s . (J)(t) 
as d e f i n e d by e q u a t i o n (6) depends t h e r e f o r e on t h e 
l o c a t i o n i n the pore, even i n the absence o f any 
i n t r a p a r t i c l e c o n c e n t r a t i o n and temperature g r a d i e n t s . 
By i n t e g r a t i n g <|> over the pore l e n g t h one d e r i v e s a 
pore-averaged <|>, and by i n t e g r a t i n g over t h e e n t i r e 
c a t a l y s t ( d e s c r i b e d by a g i v e n pore network) , one 
o b t a i n s a p a r t i c l e averaged O . 

To complete the model one needs t o d e f i n e a 
p r o b a b i l i t y co(t) t h a t a g i v e n s i t e i s c o v e r e d w i t h coke 
at time t . In mathematical terms t h i s p r o b a b i l i t y i s 
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166 CHARACTERIZATION AND CATALYST DEVELOPMENT 

d e f i n e d as 

co(t 4- dt)= Cfl(t)+ (^rgdt (9) 

which i s e q u i v a l e n t t o s a y i n g t h a t t h e p r o b a b i l i t y t h a t 
a s i t e i s co v e r e d at time t + dt eq u a l s t h e p r o b a b i l i t y 
t h a t t h e s i t e i s covere d at time t p l u s t h e p r o b a b i l i t y 
t h a t t h e s i t e i s covere d d u r i n g t h e time i n t e r v a l d t , 
p r o v i d e d t h a t t h e s i t e was not covered o r b l o c k e d at 
tim e t . From e q u a t i o n (9) by i n t e g r a t i o n 

CO(t) = \l r° 4>dt (10) 

co(t) i s a g a i n a l o c a l v a l u e , but i n analogy w i t h <|)(t) 
one can d e f i n e a pore average v a l u e (D and a p a r t i c l e 
average coverage Q, which i s d i r e c t l y r e l a t e d t o t he 
coke c o n t e n t o f a p a r t i c l e 

C c = C t M C Q (11) 

The d e s i r e d r e l a t i o n s h i p between O (the p a r t i c l e 
averaged a c t i v i t y ) and C c ( p a r t i c l e coke content) 
f o l l o w s d i r e c t l y from t h e r e l a t i o n s h i p between O and 
Q . To proc e e d f u r t h e r a t t h i s p o i n t one has t o 
s p e c i f y a pore model f o r t h e c a t a l y s t , and a model f o r 
the a c t i v e s i t e d i s t r i b u t i o n . Froment and co-workers 
have examined a v a r i e t y o f cases such as s i n g l e pore 
models ( s i n g l e - e n d e d pores and pores open on bo t h 
s i d e s ) w i t h b o t h d e t e r m i n i s t i c and s t o c h a s t i c a c t i v e 
s i t e d i s t r i b u t i o n s , t h e bundle o f p a r a l l e l pores model 
and v a r i o u s t r e e - l i k e models o f the porous s t r u c t u r e , 
which were e a r l i e r used by Pismen (40) t o d e s c r i b e 
t r a n s p o r t and r e a c t i o n i n porous systems. Such t r e e 
l i k e models c o n t a i n i n t e r c o n n e c t e d pores but l a c k any 
c l o s e d l o o p s and are u s u a l l y c a l l e d Bethe networks o r 
l a t t i c e s . They are c o m p l e t e l y c h a r a c t e r i z e d by t h e i r 
c o o r d i n a t i o n number Z, which i s t he number o f pores 
connected t o t h e same s i t e o f t h e network. 

Froment and co-workers were among t h e f i r s t t o 
r e a l i z e t h a t t h e c a t a l y t i c a c t i v i t y o f a g i v e n 
c a t a l y s t u ndergoing d e a c t i v a t i o n w i l l v a n i s h much 
e a r l i e r t h an e x p e c t e d from c a l c u l a t i o n s based on t h e 
s u r f a c e a r e a o f the f r e s h c a t a l y s t . They d i d not 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 167 

r e a l i z e , however, t h a t t h i s was due t o a p e r c o l a t i o n 
t y p e phenomenon, s i m i l a r t o t h o s e observed w i t h o t h e r 
c l a s s e s o f problems which are a l s o c h a r a c t e r i z e d by 
s t r u c t u r a l phase t r a n s i t i o n s and abrupt changes i n 
b e h a v i o r , which are t y p i c a l o f p e r c o l a t i o n p r o c e s s e s . 

The blame f o r t h i s s h o u l d be p l a c e d on the use o f 
t r e e - l i k e models. These t r e e - l i k e , Bethe networks o f 
p ores are c h a r a c t e r i z e d by a f i n i t e r a t i o o f s u r f a c e 
p ores t o t h o s e i n t h e b u l k (equal t o (Z - 2) / (Z -
1) ) . For t h e c a t a l y s t p a r t i c l e modeled by t h e network 
t h i s r a t i o c orresponds t o the r a t i o of t h e g e o m e t r i c 
a r e a t o o v e r a l l s u r f a c e a r e a , which f o r most c a t a l y s t s 
i s e s s e n t i a l l y zero as i s a l s o t h e case f o r t h r e e -
d i m e n s i o n a l networks. A c c o u n t i n g f o r t h e a c t i v i t y o f 
t h e s u r f a c e pores i n Bethe networks tends t o smooth out 
a l l t h e abrupt changes i n the a c t i v i t y t h a t would be 
o t h e r w i s e observed at the p e r c o l a t i o n t h r e s h o l d . 

PERCOLATION MODELS OF CATALYST DEACTIVATION 

C a t a l y s t d e a c t i v a t i o n was f i r s t i d e n t i f i e d as a 
p e r c o l a t i o n - t y p e p r o c e s s by Sahimi and T s o t s i s 
(2,3.41). The p r o c e s s s t u d i e d by t h e s e a u t h o r s was 
r e l a t i v e l y s i m p l e . A porous c a t a l y s t , i n s i d e a 
d i f f e r e n t i a l i s o t h e r m a l r e a c t o r ( w i t h t h e c a t a l y t i c 
a c t i v e m a t e r i a l u n i f o r m l y d i s t r i b u t e d i n i t s pores at 
an i n i t i a l c o n c e n t r a t i o n C Q) i s r e a c t i n g w h i l e 
s i m u l t a n e o u s l y undergoing slow d e a c t i v a t i o n . The 
o v e r a l l r e a c t i o n r a t e r i n a s i n g l e pore o f r a d i u s R 
and l e n g t h L i s g i v e n by 

where (C 0 - C s) i s the a c t i v e s i t e c o n c e n t r a t i o n a t 
t i m e t and r Q the r e a c t i o n r a t e per u n i t a r e a . The 
d e a c t i v a t i o n - r e a c t i o n o c c u r i n g i n p a r a l l e l r e s u l t s i n 
t h e d e p o s i t i o n of a contaminant, which p o i s o n s t h e 
a c t i v e s i t e s , w h i l e s i m u l t a n e o u s l y b l o c k i n g p a r t o f t h e 
pore volume (the d e p o s i t i s assumed t o have an average 
volume b pe r mole o f s i t e s ( 2 ) ) . 

The c o n c e n t r a t i o n o f p o i s o n e d s i t e s , C s, i s g i v e n 
as ( f o r f u r t h e r d e t a i l s , see (2)) 

r = 27CRL r Q ( C 0 - C g) m (12) 

= r d <C0 * C s > n (13) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

5



168 CHARACTERIZATION AND CATALYST DEVELOPMENT 

where r d i s the d e a c t i v a t i o n - r e a c t i o n r a t e per u n i t 
s u r f a c e a r e a . The c h e m i s t r y o f t he r e a c t i o n p r o c e s s e s 
i s imbedded i n r Q and r d which, as t he f u n c t i o n f i n 
Froment's model, depend on the r e a c t a n t s ' 
c o n c e n t r a t i o n s and v a r i o u s thermodynamic and r e a c t i o n 
c o n s t a n t s . At any g i v e n p r o c e s s time ( a f t e r 
d e a c t i v a t i o n has commenced) o n l y p a r t o f t h e pore space 
i s a v a i l a b l e f o r t r a n s p o r t and r e a c t i o n . At the s i n g l e 
pore l e v e l one can c o n v e n i e n t l y d e s c r i b e t h e r e m a i n i n g 
open pore ( a c c e s s i b l e ) volume by an e f f e c t i v e r a d i u s 
Re. T h i s i s d e f i n e d by Sahimi and T s o t s i s (2) t o be the 
r a d i u s o f a c y l i n d r i c a l pore (of t h e same le n g t h ) and 
w i t h volume e q u a l t o t h e re m a i n i n g pore volume o f a 
pore o f r a d i u s R, which has undergone d e a c t i v a t i o n f o r 
a time (and which, as a r e s u l t , i s no f u r t h e r 
c y l i n d r i c a l ) . Sahimi and T s o t s i s have shown t h a t R e i s 
g i v e n as (2) 

R e
 = R [ 1 " t 9 < e ) ] 1 / 2 ; <* = 2 c o b ( 1 4 ) 

where g (6) i s a f u n c t i o n o f d i m e n s i o n l e s s time 0 

( d e f i n e d as r d C0
n"^}) t h e exact f u n c t i o n a l form o f which 

can be found i n the o r i g i n a l paper (2) . When R e = 0, 
the pore i s c o n s i d e r e d c o m p l e t e l y b l o c k e d by d e p o s i t s 
( p l u g g e d ) . E q u a t i o n (14) can then be used t o determine 
the t ime 8 p at which t h e pore o f i n i t i a l r a d i u s R i s 
c o m p l e t e l y plugged. Note, o f course, t h a t i f R > a 
( i . e . , when t h e pore i s e i t h e r l a r g e , o r t h e 
d e a c t i v a t i n g d e p o s i t ' s volume b i s s m a l l - f o r o n l y 
p o i s o n i n g , f o r example, b i s zero) the pore w i l l never 
be b l o c k e d c o m p l e t e l y . As w i t h Froment's model, t o 
pro c e e d f u r t h e r at t h i s p o i n t one must s p e c i f y a pore 
model f o r t h e c a t a l y s t . To r e a l i z e how im p o r t a n t t h e 
c h o i c e o f a c o r r e c t pore model i s , one needs o n l y t o 
ap p l y t h e so c a l l e d b u n d l e - o f - p o r e s o r s i n g l e - p o r e 
models t o t h e above a n a l y s i s . Both pore models p r e d i c t 
t h a t t h e c a t a l y s t ' s porous s t r u c t u r e w i l l never l o s e 
i t s g l o b a l c o n n e c t i v i t y as l o n g as t he average pore 
r a d i u s R ( f o r the s i n g l e - p o r e or pseudo-homogeneous 
models) or the l a r g e s t pore r a d i u s RmaK ( f o r t h e bundle 
of pores model) exceeds a. For t h i s case ( i f one 
assumes t h e p r o c e s s t o be under k i n e t i c c o n t r o l ) 
b l o c k i n g o f i n d i v i d u a l pores has no a d d i t i o n a l 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 169 

d e t r i m e n t a l e f f e c t on c a t a l y s t a c t i v i t y beyond t h a t 
caused by t h e p o i s o n i n g o f a c t i v e s i t e . The c a t a l y s t 
( i f so allowed) w i l l d e a c t i v a t e c o m p l e t e l y , when a l l 
a c t i v e s i t e s are p o i s o n e d . On the o t h e r hand, when R 
(or R m a x) < oc, t h e r e w i l l be a time 0 at which a c t i v i t y 
w i l l v a n i s h due t o pore b l o c k a g e . 

I t s h o u l d be i n t u i t i v e l y c l e a r from t h i s 
d i s c u s s i o n t h a t b o t h pore models o f f e r a s i m p l i f i e d 
d e s c r i p t i o n o f the d e a c t i v a t i o n p r o c e s s f o r c a t a l y s t s , 
which are c h a r a c t e r i z e d by complex i n t e r c o n n e c t e d 
porous s t r u c t u r e s . In r e a l i t y , t h e i n t e r n a l pore 
s t r u c t u r e o f a c a t a l y s t becomes i n a c c e s s i b l e t o 
r e a c t i o n and t r a n s p o r t much e a r l i e r t h a n t h e time 
p r e d i c t e d by these models. T h i s d i s c r e p a n c y i s due t o 
the f a c t t h a t i n r e a l c a t a l y s t s some o f t h e l a r g e r 
pores, t h a t are o n l y p a r t i a l l y b l o c k e d , become 
i n a c c e s s i b l e t o r e a c t a n t m o l e c u l e s because t h e y get 
surrounded by pores , o f s m a l l e r i n i t i a l r a d i u s , which 
are themselves c o m p l e t e l y b l o c k e d . As t h e 
d e a c t i v a t i o n p r o c e s s proceeds, l a r g e r and l a r g e r 
i s o l a t e d i s l a n d s o f p a r t i a l l y b l o c k e d pores appear, 
which no l o n g e r c o n t r i b u t e t o t r a n s p o r t and r e a c t i o n . 
I n t u i t i v e l y , one ex p e c t s t h a t a t some c r i t i c a l v a l u e o f 
th e f r a c t i o n o f c o m p l e t e l y b l o c k e d p o r e s , t h e porespace 
w i l l c o n s i s t o f i s o l a t e d i s l a n d s o f open p o r e s , no 
sample-spanning c l u s t e r o f unplugged pores w i l l e x i s t , 
and t h e macroscopic c o n n e c t i v i t y o f the porespace w i l l 
be l o s t . T h i s p i c t u r e o f c a t a l y s t d e a c t i v a t i o n j u s t 
d e s c r i b e d i s based on p h y s i c a l i n t u i t i o n . The same 
ideas, however, c o n s t i t u t e the b a s i s f o r t h e t h e o r y o f 
p e r c o l a t i o n o f d i s o r d e r e d porous media. A d e t a i l e d 
account o f p e r c o l a t i o n t h e o r y and i t s e n g i n e e r i n g 
a p p l i c a t i o n s goes beyond t h e scope of t h i s b r i e f 
p r o c e e d i n g s paper. E x c e l l e n t t r e a t m e n t s o f the s u b j e c t 
can be found i n a s e r i e s of papers and monographs (42-
44) . More d e t a i l e d d i s c u s s i o n on the a p p l i c a t i o n o f 
p e r c o l a t i o n t h e o r y t o c a t a l y s t d e a c t i v a t i o n and o t h e r 
c h e m i c a l e n g i n e e r i n g problem can be found i n papers by 
Sahimi and T s o t s i s (1-4,14,15). C a t a l y s t d e a c t i v a t i o n 
i s o n l y one of s e v e r a l p r o c e s s e s and phenomena o f 
r e l e v a n c e t o c a t a l y s i s f o r which p e r c o l a t i o n t h e o r y has 
found s i g n i f i c a n t a p p l i c a t i o n s . Other examples i n c l u d e 
t h e i n t e r p r e t a t i o n o f mercury p o r o s i m e t r y and BET d a t a 
(.45.) , modeling o f s o r p t i o n phenomena i n p i l l a r e d c l a y s 
and z e o l i t e s (4.), s u r f a c e d i f f u s i o n (46,47) e t c . 
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We are not g o i n g t o d e a l w i t h a l l t h e s e examples 
o f a p p l i c a t i o n o f p e r c o l a t i o n t h e o r y t o c a t a l y s i s i n 
t h i s paper. A l t h o u g h t h e p h y s i c s o f t h e s e problems are 
d i f f e r e n t t h e b a s i c n u m e r i c a l and math e m a t i c a l 
t e c h n i q u e s are v e r y s i m i l a r . F or t h e d e a c t i v a t i o n 
problem d i s c u s s e d here, f o r example, one s t a r t s w i t h a 
t h r e e - d i m e n s i o n a l network r e p r e s e n t a t i o n o f t he 
c a t a l y s t porous s t r u c t u r e . S y s t e m a t i c p r o c e d u r e s o f 
how t o map any d i s o r d e r e d porous medium onto an 
e q u i v a l e n t random network o f pore b o d i e s and t h r o a t s 
have been developed and d e t a i l e d accounts can be found 
i n a number o f p u b l i c a t i o n s (48) . F o r t h e purposes o f 
t h i s d i s c u s s i o n i t s u f f i c e s t o say t h a t t h e success o f 
th e mapping t e c h n i q u e s s t r o n g l y depends on the 
a v a i l a b i l i t y o f q u a l i t y s t r u c t u r a l d a t a , such as 
mercury p o r o s i m e t r y , BET and d i r e c t m i c r o s c o p i c 
o b s e r v a t i o n s . Of e q u a l importance, however, i s t h e 
c o r r e c t i n t e r p r e t a t i o n o f t h i s d a t a . I t s e r v e s no 
purpose t o pe r f o r m c a r e f u l mercury p o r o s i m e t r y and BET 
experiments and then use the wrong model ( l i k e t h e 
bundle o f pores) f o r d a t a a n a l y s i s and i n t e r p r e t a t i o n . 

Once t h e d i s o r d e r e d porous medium has been mapped 
onto an e q u i v a l e n t t h r e e - d i m e n s i o n a l network o f pores 
and pore t h r o a t s one must then model t h e p h y s i c a l 
and/or c h e m i c a l p r o c e s s e s o c c u r i n g . Monte C a r l o and 
M o l e c u l a r Dynamics methods can be u t i l i z e d . The c h o i c e 
depends on t h e c o m p l e x i t y o f t he p r o c e s s and the 
d e s i r e d a c c u r a c y i n c a l c u l a t i o n s . F or t h e d e a c t i v a t i o n 
problem under k i n e t i c c o n t r o l , d i s c u s s e d here, one can 
u t i l i z e Monte C a r l o s i m u l a t i o n t e c h n i q u e s . A t any 
g i v e n s i m u l a t i o n time one c a l c u l a t e s t h e e f f e c t i v e 
r a d i i o f a l l pores by e q u a t i o n (14). One then 
i d e n t i f i e s t h e c o m p l e t e l y plugged pores (R e=0), t h e 
p a r t i a l l y - p l u g g e d pores t h a t can be reached from t h e 
e x t e r n a l s u r f a c e o f t he c a t a l y s t , and t h e p a r t i a l l y -
p l u g g e d pores t h a t are surrounded by c o m p l e t e l y - p l u g g e d 
p o r e s . I n t h e subsequent s t e p s o f s i m u l a t i o n , t h e 
plug g e d pores and t h e p a r t i a l l y b l o c k e d pores 
surrounded by c o m p l e t e l y b l o c k e d pores are not checked 
anymore, s i n c e they are not a c c e s s i b l e t o t h e r e a c t a n t 
m o l e c u l e s . The s i m u l a t i o n s c o n t i n u e u n t i l a sample-
spanning c l u s t e r o f open pores no l o n g e r e x i s t s , i . e . 
t h e p e r c o l a t i o n t h r e s h o l d has been reached. A l l 
q u a n t i t i e s o f i n t e r e s t can be c a l c u l a t e d by t h i s Monte 
C a r l o method, and f u r t h e r d e t a i l s o f t he n u m e r i c a l 
t e c h n i q u e s can be found i n the o r i g i n a l p u b l i c a t i o n (2) 
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The assumption o f g l o b a l k i n e t i c c o n t r o l i s 
p r o b a b l y v a l i d f o r o n l y a h a n d f u l o f c a t a l y t i c r e a c t i o n 
p r o c e s s e s . N e v e r t h e l e s s , some t y p i c a l s i m u l a t i o n 
r e s u l t s o f the model o f c a t a l y s t d e a c t i v a t i o n under 
k i n e t i c c o n t r o l are p r e s e n t e d here i n o r d e r t o 
emphasize some of the unique p e r c o l a t i o n - t y p e a s p e c t s 
o f t h e problem. The o v e r a l l p l u g g i n g t i m e 0 p , i . e . , 
t h e time a t which the c a t a l y s t becomes c o m p l e t e l y 
d e a c t i v a t e d i s shown i s F i g u r e 1, where i t i s p l o t t e d 
v e r s u s Z, t h e average c o o r d i n a t i o n number o f t h e 
network o f p o r e s , ( i n i n d u s t r i a l a p p l i c a t i o n s , o f 
c o u r s e , t h e u s e f u l l i f e t i m e o f the c a t a l y s t i s 
s i g n i f i c a n t l y s m a l l e r than 0 p) . Note t h a t as Z 
i n c r e a s e s , ( h i g h e r v a l u e s o f Z mean a more 
i n t e r c o n n e c t e d c a t a l y s t pore s t r u c t u r e ) 0 p i n c r e a s e s , 
i . e . , t h e c a t a l y s t becomes more r e s i s t a n t t o 
d e a c t i v a t i o n . The dependence o f n o r m a l i z e d c a t a l y t i c 
a c t i v i t y ( r / r Q ) ((() i n the language o f Froment's models) 
on 0 i s shown i n F i g u r e 2. I t i s i n t e r e s t i n g t o note 
t h a t a l l t h r e e q u a l i t a t i v e l y d i f f e r e n t t y p e s o f 
c a t a l y t i c b e h a v i o r shown i n t h i s f i g u r e have a l s o been 
observed e x p e r i m e n t a l l y . 

More r e a l i s t i c p e r c o l a t i o n models of c a t a l y s t 
d e a c t i v a t i o n i n which d i f f u s i o n a l l i m i t a t i o n s are 
p r e s e n t are a l s o now a v a i l a b l e (1,3,34 r49 r 50) . Most o f 
t h e s e models have u t i l i z e d t h e i n t e g r a t e d m a c r o s c o p i c -
m i c r o s c o p i c m o d e l l i n g approach d i s c u s s e d above (33,49, 
5H) . C o m p l e t e l y m i c r o s c o p i c models are a l s o a v a i l a b l e 
(1,3), i n which d i f f u s i o n i s modeled by a random walk 
p r o c e s s . 

We would l i k e t o conclude t h i s s e c t i o n by n o t i n g 
t h a t s t a t i s t i c a l models o f f l u i d - s o l i d r e a c t i v e systems 
are today f i n d i n g w idespread use i n many d i v e r s e areas 
o f e n g i n e e r i n g . One a r e a , p r o b a b l y o f i n t e r e s t t o 
t h o s e w o r k i n g i n the f i e l d o f c a t a l y s i s , i n which t h e s e 
models have found p a r t i c u l a r l y s u c c e s s f u l a p p l i c a t i o n , 
e s p e c i a l l y i n h e l p i n g t o u n d e r s t a n d p a r t i c l e 
f r a g m e n t a t i o n phenomena, i s c o a l g a s i f i c a t i o n and c o a l 
and char and combustion. P a r t i c l e f r a g m e n t a t i o n (51-
5L1) i s a p a r t i c u l a r l y i m p o r t a n t phenomenon i n t h i s 
a r e a , s i n c e i t i s b e l i e v e d t o be r e s p o n s i b l e f o r 
d e c r e a s e d burnout t i m e s , enhanced p r o d u c t i o n o f f l y 
ash, weight l o s s i n c o a l combustors, and i n c r e a s e d 
e m i s s i o n o f submicron unburnt carbon and NO„ from 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

0 1 2 3 4 5 6 
Z 

F i g u r e 1. P l u g g i n g time 9 p as a f u n c t i o n o f t h e 
average c o o r d i n a t i o n number Z o f a s i m p l e c u b i c 
network f o r v a r i o u s v a l u e s o f the d e p o s i t parameter 
a. 
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SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 

F i g u r e 2. N o r m a l i z e d r e a c t i o n r a t e as a f u n c t i o n 
t ime 6 . 
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174 CHARACTERIZATION AND CATALYST DEVELOPMENT 

F i g u r e 3. V a r i a t i o n s o f t he t o t a l number o f 
fragments N(t) w i t h t h e time t f o r v a r i o u s v a l u e s 
o f t h e r e a c t i v i t y r . 
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15. SAHIMI & TSOTSIS Statistical Models of Transport and Reaction 175 

p u l v e r i z e d c o a l combustion systems. S e v e r a l s t a t i s t i c a l 
models o f v a r y i n g degree o f c o m p l e x i t y and elegance 
have been developed d e a l i n g w i t h v a r i o u s a s p e c t s o f t h e 
problem (12-15,54). F i g u r e 3 f o r example, (from a 
r e c e n t work o f Sahimi and T s o t s i s (14,15)) shows t h e 
number o f fragments, r e s u l t i n g from a s i n g l e c h a r 
p a r t i c l e (combusted i n an oxygen atmosphere) as a 
f u n c t i o n o f r e a c t i o n t i m e . Note t h e e x i s t e n c e o f a 
maximum i n the c u r v e s , which has s i g n i f i c a n t 
i m p l i c a t i o n s f o r t h e o p t i m a l d e s i g n and o p e r a t i o n o f 
th e s e combustors. 

CONCLUSIONS 

We have p r e s e n t e d here a b r i e f o v e r v i e w o f t h e 
are a o f s t a t i s t i c a l modeling o f f l u i d - s o l i d r e a c t i o n 
systems i n v o l v i n g d i s o r d e r e d porous media, which are 
themselves undergoing m o r p h o l o g i c a l and s t r u c t u r a l 
changes as a r e s u l t o f the r e a c t i o n p r o c e s s e s . We have 
d e a l t w i t h t h e v a r i o u s t e c h n i c a l a s p e c t s and q u e s t i o n s 
i n v o l v e d i n t he im p l e m e n t a t i o n o f t h e s e models by 
f o c u s i n g our a t t e n t i o n on a p a r t i c u l a r example from t h e 
f i e l d o f c a t a l y s i s , namely, c a t a l y s t d e a c t i v a t i o n , f o r 
which such models have found a p a r t i c u l a r s u c c e s s f u l 
a p p l i c a t i o n . S e v e r a l o t h e r examples from t h e f i e l d o f 
c a t a l y s i s i n which s t a t i s t i c a l modeling t e c h n i q u e s have 
i n t h e p a s t o r are c u r r e n t l y f i n d i n g s i g n i f i c a n t 
a p p l i c a t i o n s are a l s o mentioned. Today, w i t h t h e 
advent o f supercomputers and t h e wi d e s p r e a d 
a v a i l a b i l i t y o f p o w e r f u l minicomputers i t makes no good 
t e c h n i c a l sense t o i n v e s t r e s o u r c e s and e f f o r t i n t h e 
c a r e f u l d e s i g n and performance o f experiments and the n 
u t i l i z e o u t d a t e d and s e m i e m p i r i c a l t e c h n i q u e s f o r d a t a 
a n a l y s i s and i n t e r p r e t a t i o n . One o f t h e b e s t known 
examples o f t h i s problem i s from t h e ar e a o f 
c a t a l y s t c h a r a c t e r i z a t i o n by mercury p o r o s i m e t r y and 
BET, where one f i n d s f r e q u e n t use o f o u t d a t e d d a t a 
a n a l y s i s t e c h n i q u e s , based, f o r example, on t h e bundle 
o f p a r a l l e l pores model, w h i l e m e a n i n g f u l s t a t i s t i c a l 
models are c u r r e n t l y a v a i l a b l e f o r d a t a a n a l y s i s and 
i n t e r p r e t a t i o n (1,47). 
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Chapter 16 

Characterization of Catalytic Systems Using 
Nuclear Magnetic Resonance and Vibrational 

and Electron Spectroscopies 

Tery L . Barr 

Department of Materials and Laboratory for Surface Studies, 
University of Wisconsin-Milwaukee, Milwaukee, WI 53201 

Until recently it was a common practice in catalytic science to 
infer information about the states and changes experienced by the 
components of a catalyst through knowledge gained of the reactants 
and products of the catalytic reaction and certain suppositions 
regarding the types of processes involved. This approach was 
generally employed because the complex physical states of the 
catalysts and the sparse concentrations of any metal dopents made 
it very difficult to directly map and follow the behavior of the 
catalytic components. 

Recently, however, the implementation of several forms of 
modern, high resolution spectroscopy has made it possible to 
characterize, in relatively detailed fashion, the evolving chemis
try of heterogeneous catalytic-type systems. In some cases, in 
fact, it has been possible to map the behavior of actual commercial 
catalysts, even following use. For example, much of our present 
understanding of the functionality of hydrodesulfurization cataly
sis has been a direct result of investigations of commercial sys
tems with modern surface spectroscopies, as is also the case in the 
development of the basis reference for metals-support interactions 
(1). 

A f e a t u r e t h a t s t i l l o f t e n impedes the l a t t e r form of a n a l y 
s i s , hcvever, i s the common need to make many of these r e l a t i v e l y 
s o p h i s t i c a t e d s p e c t r o s c o p i c measurements i n c o n t r o l l e d , o f t e n 
u n r e a l i s t i c environments, perhaps f o l l o w i n g p e r i o d i c e x t r a c t i o n s 
of the c a t a l y t i c m a t e r i a l s from process flow l i n e s . As a r e s u l t , 
numerous ingenious "minimal d i s t u r b a n c e " procedures have been 
developed to circumvent p o s s i b l e problems ( 2 ) . G e n e r a l l y , however, 
a l l of these schemes are based upon some degree of r e l i a n c e on a 
"stop a c t i o n " or " f i x " concept (1). In the l a t t e r , we assume t h a t 
the m a t e r i a l s i n q u e s t i o n are u s u a l l y a l t e r e d by the p r e v i o u s l y 
mentioned c a t a l y t i c p r o c e s s , but are unchanged ( " f i x e d " ) f o l l o w i n g 
removal from t h a t p r o c e s s . T h i s concept has been shown to have 
some m e r i t , but d e t a i l e d a n a l y s i s has demonstrated t h a t mere ex
posure t o ambient a i r can o f t e n prove d e l e t e r i o u s t o the chemical 
s t a t u s of the s u r f a c e of some c a t a l y t i c i n g r e d i e n t s ( 3 ) . Thus, i n 

0097-6156/89/0411-0180$06.00/0 
c 1989 American Chemical Society 
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16. BARR Characterization of Catalytic Systems 181 

some cases 1t may be necessary t o u t i l i z e vacuum t r a n s p o r t and 
a n a l y s i s t o maintain the type of i n t e g r i t y needed t o study these 
systems. 

With a l l t h i s i n mind, i t should a l s o be remembered t h a t one 
of the p r i n c i p a l goals of these i n v e s t i g a t i o n s i s i n c r e a s e d s c i e n 
t i f i c understanding. Thus, i t i s v i t a l t o have some c a t a l y t i c 
i n v e s t i g a t i v e groups p u r p o s e f u l l y employing the tack of s a c r i f i c i n g 
most of the d i r e c t semblance t o commercial processes i n f a v o r of 
enhanced knowledge. In t h i s manner, these groups have o f t e n been 
a b l e t o assure c o n t r o l over a l l the many d i v e r s e p h y s i c a l para
meters t h a t may i n f l u e n c e the eventual outcome. Thus, f o r example, 
s t u d i e s have been made of the e f f e c t s on s e l e c t c a t a l y t i c processes 
of o n l y the m i c r o s t r u c t u r a l f e a t u r e s of a metal c r y s t a l , such as 
platinum. Perhaps the most d e t a i l e d v e r s i o n s of t h i s approach to 
c a t a l y t i c s c i e n c e are those p r a c t i c e d at the U n i v e r s i t y of C a l i 
f o r n i a - B e r k e l e y by groups a s s o c i a t e d with P r o f e s s o r G. Somorjai 
( 4 ) . T h i s type of c o n t r o l l e d i n v e s t i g a t i o n has been l a b e l e d as 
"molecular c a t a l y s i s " by the l a t t e r groups ( 4 ) . A l s o d e s c r i b e d 
h e r e i n i s a study by B e l l ( i n c o n j u n c t i o n with Somorjai and o t h e r s ) 
of the (molecular) c a t a l y t i c e f f e c t s of a r e l a t i v e l y complex oxide 
( t i t a n i a ) on a l a y e r e d metal (Rh) system. A combination of Ion 
S c a t t e r i n g Spectroscopy ( I S S ) , Auger E l e c t r o n Spectroscopy (AES) 
and X-ray P h o t o e l e c t r o n Spectroscopy (XPS) was employed i n t h i s 
study t o show t h a t both CO hydrogenation and ethane h y d r o g e n o l y s i s 
were r a t e enhanced by the presence of the t i t a n i a on the Rh. 

The primary s p e c t r o s c o p i e s d e s c r i b e d i n t h i s s e s s i o n were 
Nuclear Magnetic Resonance (NMR), I n f r a - r e d S p e c t r o s c o p i e s (IR and 
Raman) and XPS. A l l of these techniques permit some form of d i r e c t 
o b s e r v a t i o n of the chemical b e h a v i o r of c e r t a i n c a t a l y t i c compo
nents. For example, B a r r and Yin employed XPS t o p r o v i d e the 
f i r s t d e t a i l e d map of the chemical changes experienced by Pt i n a 
Pt/Al203 c a t a l y t i c system with t y p i c a l commercial l o a d i n g s of 
platinum. The s t a t e s of the p l a t i n u m i n o x i d i z e d and reduced forms 
were documented, as was a p e c u l i a r , unique e f f e c t of the XPS c h a r 
g i n g s h i f t t h a t seems to be induced when a reduced metal (e.g., Pt) 
i s " m i s t r e a t e d " and f o r c e d t o grow i n t o f i n i t e s i z e d c r y s t a l l i t e s . 
Hicks a l s o i n v e s t i g a t e d c e r t a i n problems a r i s i n g i n XPS when i t i s 
employed to examine c a t a l y t i c m a t e r i a l s . He noted t h a t the c a t a 
l y t i c supports employed are g e n e r a l l y i n s u l a t o r s and p o i n t e d out 
t h a t the c o n v e n t i o n a l (Siegbahn) method of f i x i n g XPS b i n d i n g ener
g i e s through the c o u p l i n g of the Fermi edges of the sample with 
t h a t of the spectrometer w i l l not work f o r these types of i n s u 
l a t i n g systems. F u r t h e r Hicks noted t h a t doping the support with 
c o n d u c t i v e metal c l u s t e r s a l s o p r o v i d e s a f u r t h e r c o m p l i c a t i o n , 
s i n c e the l a t t e r w i l l have both the " f l o a t i n g " Fermi edge (des
c r i b e d above by Barr) and v a r i a b l e b i n d i n g e n e r g i e s t h a t seem to 
be a d i r e c t f u n c t i o n of the s i z e of the c r y s t a l l i t e s i n v o l v e d ( 5 ) . 
In c o n c l u s i o n Hicks p o i n t e d out t h a t a l l of these d i f f i c u l t i e s must 
be p r o p e r l y addressed before one w i l l be a b l e t o determine a b s o l u t e 
b i n d i n g e n e r g i e s f o r metal supported c a t a l y s t s . 

The s u r f a c e s e n s i t i v i t y of XPS g e n e r a l l y r e q u i r e s an unrea
l i s t i c UHV environment f o r a n a l y s i s . T h i s problem may sometimes 
be circumvented by employing IR or Raman s p e c t r o s c o p i e s . P e r i 
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182 CHARACTERIZATION AND CATALYST DEVELOPMENT 

presented a f a i r l y d e t a i l e d , p r a c t i c a l review of the a s s e t s (and 
d e f e c t s ) of these v i b r a t i o n a l s p e c t r o s c o p i e s . He p o i n t e d out how, 
through a d r o i t c h o i c e of the energy r e g i o n a n a l y s e d , one may avoid 
the overwhelming s i z e of the support a b s o r p t i o n s , and s t i l l gener
ate u s e f u l i n f o r m a t i o n about the metals dopents. S i m i l a r l y , he 
cautioned a g a i n s t the view t h a t the more modern (FTIR and compu
t e r i z e d ) approaches are necessary panaceas t o be employed i n p l a c e 
of the more c o n v e n t i o n a l d i s p e r s i v e forms of IR s p e c t r o s c o p y . In 
p a r t i c u l a r , he noted t h a t , whereas the g e n e r a t i o n of very r a p i d 
FTIR r e s u l t s may be q u i t e u s e f u l i n s t u d y i n g k i n e t i c s q u e s t i o n s , 
i t may a c t u a l l y lead t o problems i n the more c o n v e n t i o n a l c h a r a c 
t e r i z a t i o n measurements. A d r o i t , expert based performance seems 
t o be P e r i ' s answer t o many of these p o t e n t i a l problems. 

S o l i d s t a t e NMR i s another form of s p e c t r o s c o p y t h a t has 
experienced a v i r t u a l r e n a i s s a n c e i n c a t a l y s t c h a r a c t e r i z a t i o n , 
p a r t i c u l a r l y i n s t u d i e s of z e o l i t e s and support m a t e r i a l s . In the 
present case, Smith e t a l . have demonstrated t h a t NMR may p r o v i d e 
a u s e f u l a l t e r n a t i v e t o the common porosimetry and a d s o r p t i o n 
approaches to determine the pore s i z e s of s u p p o r t s . C e r t a i n 
l i m i t a t i o n s of the l a t t e r methods were d e s c r i b e d and s e l e c t NMR 
r e s u l t s shown to a l l e v i a t e most of these l i m i t a t i o n s . Welsh and 
Lambert have u t i l i z e d the v e r s a t i l i t y of magic angle s p i n n i n g 
(MAS) - NMR t o e x p l o r e q u e s t i o n s r e l a t e d to the l o c a t i o n of s e l e c t 
c a t i o n s i n z e o l i t e s . The MAS-NMR approach has a l r e a d y proven i n 
v a l u a b l e i n s t u d i e s of s t r u c t u r e and de g r a d a t i o n of z e o l i t e s ( 6 ) . 
In the present case, Welsh and Lambert were a b l e t o map the p o s i 
t i o n s of sodium i n mixed c a t i o n , hydrated and dehydrated z e o l i t e s . 
The s e l e c t i v e presence of sodium i n the supercage, as opposed to 
the s m a l l e r s o d a l i t e cages, was d e t e c t e d , and s e l e c t i v e c a t i o n 
placement d u r i n g exchange was d e s c r i b e d . 

Although these techniques p r o v i d e a grea t deal of i n s i g h t i n t o 
c a t a l y t i c performance, and are o f t e n used t o r e l a t e s t r u c t u r e t o 
a c t i v i t y and s e l e c t i v i t y , they g e n e r a l l y must be u t i l i z e d i n con
j u n c t i o n with o t h e r t o o l s , such as TPO, microscopy, TRD and EXAFS, 
i n o r d e r t o make a major impact on c a t a l y s t development. 
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Chapter 17 

Surface Characterization of Metal 
Oxide Overlayers 

K. J. Williams1,2, M . E. Levin1,2, M. Salmeron1,2, A. T. Bell1,2, 
and G. A. Somorjai1,3 

1Center for Advanced Materials, Lawrence Berkeley Laboratory, 
Berkeley, C A 94720 

2Department of Chemical Engineering, University of California, 
Berkeley, C A 94720 

3Department of Chemistry, University of California, Berkeley, C A 94720 

The structure and composition of titania deposited on the surface of a 
Rh foil or single crystal were investigated using ISS, AES, and XPS. 
The effects of the overlayer on the hydrogenation of carbon monoxide 
and the hydrogenolysis of ethane were examined. With increasing 
titania coverage, the activity of Rh for carbon monoxide hydrogenation 
passes through a maximum, whereas the activity for ethane 
hydrogenolysis decreases monotonically. 

Interest in the composition and structure of submonolayer metal oxide deposits on 
metals has developed as a consequence of growing evidence that such deposits 
influence the adsorptive and catalytic properties of the substrate metal [see for example 
ref. (1)]. In particular, it has been shown that titania deposited on a Ni(l 11) (2) surface 
and on the surface of Pt and Rh foils (3.4̂  will enhance the activity of the metal for CO 
hydrogenation. Similar results have also been reported for niobia deposited on a Pt foil 
(5). The present paper discusses the characterization of titania overlayers deposited on 
the surface of a polycrystalline Rh foil and a Rh(l 11) surface. 

Experimental. Samples were prepared by evaporation of titanium onto a Rh foil or a 
Rh(l 11) single crystal. Subsequent oxidation with oxygen at 623 K then produced a 
titania overlayer on the Rh substrate. Oxygen bound to the Rh was removed as carbon 
dioxide by repeated exposure of the oxidized sample to 4 L of carbon monoxide 
followed by flashing to 773 K. The freshly deposited overlayer was then characterized 
by ISS, AES, and XPS. The effects of the overlayer on the substrate were probed by 
temperature-programmed desorption of carbon monoxide, by the hydrogenation of 
carbon monoxide, and by the hydrogenolysis of ethane. All of these experiments were 
carried out in one of two ultra high vacuum chambers, one of which was equipped with 
a high pressure cell for carrying out catalytic reactions. 

Results and Discussion. Coverage of the Rh surface by titania was followed by means 
of ISS and AES. Figures 1 and 2 show the ISS and AES signals for Rh as a function 
of the deposition times for metallic titanium. The ISS signal exhibits a linear decline 
with the deposition time, and at a time of 150-175 s, the Rh signal goes to zero. The 
Rh AES signal also follows a linear decrease in intensity for deposition times of less 
than 175 s. For longer deposition times, the AES signal decreases more slowly. 
Similar results were obtained with both single crystal and polycrystalline samples. 

The linear decline in both the Rh ISS and AES signals for deposition times of less 
than 175 s, indicates that the first monolayer of titania is deposited as a 

0097-6156/89/0411-0183$06.00/0 
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184 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Fig. 2 Rh AES intensity versus titania evaporation time. The substrate is a 
Rh(l l l ) surface. 
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17. WILLIAMS ET AL. Surface Characterization of Metal Oxide Overlayers 185 

two-dimensional overlayer. If layer-by-layer growth were sustained beyond the the 
completion of the first monolayer, then the AES signal would be expected to follow 
solid line shown in Fig.2. The deviation of the data from the curve for layer-by-layer 
growth in the time period of 175 to 400 s is indicative of some three-dimensional 
growth in the second layer. For longer deposition times, however, the data return to 
the curve predicted for layer-by-layer growth. 

Temperature-programed desorption (TPD) spectra of adsorbed carbon monoxide 
exhibit a single peak for carbon monoxide and no evidence of carbon dioxide 
formation. Neither the position nor the shape of the carbon monoxide peak is a 
function of titania coverage. A plot of carbon monoxide chemisorption capacity versus 
titania coverage is shown in Fig. 3. The CO coverage is observed to decrease linearly 
with in increasing titania coverage. A similar trend has been observed previously for 
titania deposited on a Pt foil (6) and on a Ru(0001) single crystal surface (71. The 
linear relationship between CO chemisorption capacity and titania coverage seen in Fig. 
3 contrasts with that reported earlier by Levin et al. (81 for titania deposited on a Rh 
foil. As discussed by Williams et al. (9), this discrepancy is attributable to an incorrect 
determination of titania coverage by Levin et al. (SI. When correctly interpreted, the 
data of Levin et al. (S) also show a linear dependence of CO chemisorption capacity on 
titania coverage. A further consequence of the reanalysis is that the titania coverages 
reported by Levin et al. (8) should be multiplied by a factor of 3.3 (2). 

An XPS spectrum of the Ti(2p) core levels for Rh foil covered with 0.3 M L of titania 
is shown in Fig. 4 (10). Spectrum (1) obtained after oxidation, exhibits two peaks 
centered at 463.6 and 458.5 eV that can be assigned to the 2pj/2 and 2p3/2 core levels 
ofTi 4 + (11). A slight assymetry is observed in the 2p3/2 peak on the low energy side, 
indicating the presence of a small percentage of T i ^ + . C O titration causes an 
attenuation of the Ti 4 + peaks and and the appearance of a peak at 455.7 eV that is 
assigned to Ti^+ species (ID. A peak at 461.4 eV is assigned to the corresponding 
TP+ (2pi/2) level. H2 reduction causes a further decrease of the Ti 4 + peak intensity 
and a corresponding increase in the Ti^+ peak intensity. Small shifts to higher binding 
energies of the 2p3/2 peak of T i 4 + are also observed as the degree of reduction 
increases. In spectrum (3) of Fig. 4, for example, the Ti 4 +(2p3/2) binding energy is 
459.0 eV. Reoxidation of the sample returns the titanium to the Ti 4 + state. Similar 
changes in the XPS spectrum were observed for all titania coverages studied. The 
principal difference noted was an increase in the proportion of T i ^ + as the coverage of 
titania decreased. This trend suggests a preferential concentration of T i ^ + species at the 
periphery of the two-dimensional T i O x islands. 

Displayed in Fig. 5 is the methane production rate from CO and H2 for varying T i O x 

coverages (12). Reaction rates were measured at a temperature of 553 K, and at H2 
and CO partial pressures of 0.67 and 0.33 atm, respectively. With the addition of small 
amounts of T i O x to the clean Rh surface, a sharp rise in reaction rate is noted. At the 
maximum corresponding to 0.15 M L [0.50 M L on the corrected scale (9} ], a threefold 
increase in the rate is observed. Beyond this coverage, the rate decreases 
monotonically. 

Titania promotion also alters the selctivity of Rh, as may be seen in Fig. 6. The 
methane content of the hydrocarbon product falls from a value of 94% when no titiania 
is present to nearly 60% for a titania coverage of 0.20 M L [0.66 M L on the corrected 
scale (9) ]. Ethylene and propylene are the predominant higher hydrocarbon species, 
comprising roughly 34 mol% of the total hydrocarbon product. At higher titania 
coverages, the selectivities return to values more charateristic of clean Rh. 

XPS characterization of TiO x /Rh samples after their exposure to synthesis gas under 
reaction conditions showed that a significant fraction of the titanium ions were still in 
the TP+ state. A summary of these observations is given in Table 1. It is evident that 
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186 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Titania Coverage (ML) 

Fig. 3 C O chemisorption capacity versus titania coverage. The substrate is a 
Rh(l l l ) surface. 
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17. WILLIAMS ETAL. Surface Characterization ofMetal Oxide Overlayers 187 

Fig. 4 XPS spectra of the Ti(2p) region for 0.50 M L of T i O x on a Rh foil. 
Spectra 1, 2, 3, and 4 were observed after oxidation, C O titration, H2 reduction, 
and reoxidation, respectively. 
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188 CHARACTERIZATION AND CATALYST DEVELOPMENT 

60 

01 1 1 1 1 1 
0 0.20 0.40 0.60 0.80 1.00 

Fig. 5 Methanation rate on TiO x /Rh foil as a function of T i O x coverage. Reaction 
conditions were 553 K, 1 atm total pressure, and a H2:CO ratio of 2:1 (12). The 
indicated T i O x coverages should be multiplied by a factor of 3.3 to account for the 
corrections recentiy reported by Williams et al. (9). 

Fig. 6 Hydrocarbon product selectivity as a function of T i O x coverage on a Rh foil 
(12). The indicated T i O x coverages should be multiplied by a factor of 3.3 to 
account for the corrections recently reported by Williams et al. (9). 
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Table 1 

Percentage of T i + 3 Following CO Hydrogenation 

After After After 

°TiOx CO Titration H2 Reduction CO Hydrogenation 

0.50 0.22 0.15 
0.50 0.62 0.26 

sample pretreatment has only a moderate effect on the oxidation state of T i in the T i O x 

overlayer. It would thus appear that during reaction the oxidation state of Ti adjusts to 
reflect the composition of the gaseous environment. This conclusion concurs with the 
observation that prereduction of Ti02-supported and Ti02-promoted metal catalysts 
does not significantly change the activity of these catalysts for C O hydrogenation 
(13-16). 

The enhancement in C O hydrogenation activity of Rh is ascribed to the presence of 
T P + sites at the perimeter of T i O x islands. It is proposed that these sites interact with 
the oxygen in CO chemisorbed on nearby Rh atoms and assist in the disociation of CO. 
Since the disociation of CO is believed to be the rate-limiting step in this reaction, the 
participation of TP+ in this step leads to a higher activity. The dependence of the 
methanation rate on T i O x coverage, seen in Fig. 5, is attributable to the variation in the 
concentration o f T £ + centers with T i O x coverage. 

The effects of titania deposits on the hydrogenolysis of ethane are quite different 
from those for the hydrogenation of CO. Ethane hydrogenolysis was carried out at 450 
K with 25 torr ethane and 25 torr hydrogen. The rate of hydrogenolysis was found to 
decrease monotonically with increasing titania coverage, the curve exhibiting a shape 
nearly identical to that observed for CO chemisorption. The presence of titania on the 
Rh surface was found to have no effect on the activation energy for the reaction. Taken 
together, these results suggest that hydrogenolysis can occur only on those Rh sites not 
affected by titania islands. 

Conclusions. Submonolayer deposits of titania grow on the surface of Rh in the form 
of two-dimensional islands until a coverage of nearly a monolayer is achieved, at which 
point some three-dimensional growth of the islands is observed. The titania islands 
exclude CO chemisorption on Rh sites covered by the titania. The T i 4 + ions in the 
overlayer are readily reduced to TP+. This process begins at the perimeter of the 
islands and extends inwards as reduction proceeds. Titania promotion of Rh enhances 
the rate of CO hydrogenation by up to a factor of three and increases the selectivity to 
C2+ hydrocarbons. By contrast, the activity of Rh for the hydrogenolysis of ethane 
decreases monotonically with increasing titania promotion. 

Acknowledgment. This work was supported by the Division of Materials Sciences, 
Office of Basic Energy Sciences, U. S. Department of Energy, under Contract No. 
DE-AC03-76SF00098. 
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Chapter 18 

Surface Properties of Mixed-Metal Catalysts 

D. W. Goodman 

Department of Chemistry, Texas A & M University, College Station, T X 77843 

The chemical behavior of monolayer coverages of one 
metal on the surface of another, i.e., Cu/Ru, Ni/Ru, 
Ni/W, Fe/W, Pd/W, has recently been shown to be 
dramatically different from that seen for either of the 
metallic components separately. These chemical 
alterations, which modify the chemisorption and 
catalytic properties of the overlayers, have been 
correlated with changes in the structural and 
electronic properties of the bimetallic system. The 
films are found to grow in a manner which causes them 
to be strained with respect to their bulk lat t i c e 
configuration. In addition, unique electronic 
interface states have been identified with these 
overlayers. These studies, which include the 
adsorption of CO and H2 on these overlayers as well as 
the measurement of the elevated pressure kinetics of 
the methanation, ethane hydrogenolysis, cyclohexane 
dehydrogenation reactions, are reviewed. 

In a d d i t i o n to m o d i f i c a t i o n of surf a c e s by non-metals, the 
c a t a l y t i c p r o p e r t i e s of metals can a l s o be a l t e r e d g r e a t l y by the 
a d d i t i o n of a second t r a n s i t i o n metal (1). I n t e r e s t i n b i m e t a l l i c 
c a t a l y s t s has r i s e n s t e a d i l y over the years because of the 
commercial success of these systems. This success r e s u l t s from an 
enhanced a b i l i t y to c o n t r o l the c a t a l y t i c a c t i v i t y and s e l e c t i v i t y 
by t a i l o r i n g the c a t a l y s t composition (2-3). A long-standing 
q u e s t i o n r e g a r d i n g such b i m e t a l l i c systems i s the nature of the 
p r o p e r t i e s o f the mixed metal system which give r i s e to i t s 
enhanced c a t a l y t i c performance r e l a t i v e to e i t h e r of i t s i n d i v i d u a l 
metal components. These enhanced p r o p e r t i e s (improved s t a b i l i t y , 
s e l e c t i v i t y and/or a c t i v i t y ) can be accounted f o r by one or more of 
s e v e r a l p o s s i b i l i t i e s . F i r s t , the a d d i t i o n of one metal to a 
second may l e a d to an e l e c t r o n i c m o d i f i c a t i o n of e i t h e r or both of 
the metal c o n s t i t u e n t s . This e l e c t r o n i c p e r t u r b a t i o n can r e s u l t 
from d i r e c t bonding (charge t r a n s f e r ) or from a s t r u c t u r a l 

0097-6156/89/0411-0191$06.00/0 
o 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

8



192 CHARACTERIZATION AND CATALYST DEVELOPMENT 

m o d i f i c a t i o n induced by one metal upon the other. Secondly, a 
metal a d d i t i v e can promote a p a r t i c u l a r step i n the r e a c t i o n 
sequence and, thus, a c t i n p a r a l l e l w i t h the host metal. T h i r d l y , 
the a d d i t i v e metal can serve to b l o c k the a v a i l a b i l i t y of c e r t a i n 
a c t i v e s i t e s , or ensembles, p r e r e q u i s i t e f o r a p a r t i c u l a r r e a c t i o n 
step. I f t h i s "poisoned" r e a c t i o n step i n v o l v e s an u n d e s i r a b l e 
r e a c t i o n product, then the net e f f e c t i s an enhanced o v e r a l l 
s e l e c t i v i t y . F u r t h e r , the a t t e n u a t i o n by t h i s mechanism of a 
r e a c t i o n step l e a d i n g to u n d e s i r a b l e s u r f a c e contamination w i l l 
promote c a t a l y s t a c t i v i t y and d u r a b i l i t y . 

The s t u d i e s reviewed here are p a r t of a c o n t i n u i n g e f f o r t (4-
10) to i d e n t i f y those p r o p e r t i e s of b i m e t a l l i c systems which can be 
r e l a t e d to t h e i r s u p e r i o r c a t a l y t i c p r o p e r t i e s . A p i v o t a l q u e s t i o n 
to be addressed of b i m e t a l l i c systems (and o f su r f a c e i m p u r i t i e s i n 
general) i s the r e l a t i v e importance o f ensemble ( s t e r i c or l o c a l ) 
versus e l e c t r o n i c ( n o n l o c a l or extended) e f f e c t s i n the 
m o d i f i c a t i o n of c a t a l y t i c p r o p e r t i e s . I n g a t h e r i n g i n f o r m a t i o n to 
address t h i s q u e s t i o n i t has been advantageous to s i m p l i f y the 
problem by u t i l i z i n g models of a b i m e t a l l i c c a t a l y s t such as the 
d e p o s i t i o n of metals on s i n g l e - c r y s t a l s u b s t r a t e s i n the c l e a n 
environment f a m i l i a r to sur f a c e s c i e n c e . 

These s t u d i e s were c a r r i e d out u t i l i z i n g the s p e c i a l i z e d 
apparatus d e s c r i b e d i n references (11-12). This device c o n s i s t s of 
two d i s t i n c t r e g i o n s , a sur f a c e a n a l y s i s chamber and a 
m i c r o c a t a l y t i c r e a c t o r . The custom b u i l t r e a c t o r , contiguous to 
the s u r f a c e a n a l y s i s chamber, employs a r e t r a c t i o n bellows t h a t 
supports the metal s i n g l e c r y s t a l and al l o w s t r a n s l a t i o n of the 
c a t a l y s t i n vacuo from the r e a c t o r to the sur f a c e a n a l y s i s r e g i o n . 
Both regions are of u l t r a h i g h vacuum c o n s t r u c t i o n , bakeable, and 
capable o f u l t i m a t e pressures of l e s s than 2 X 10" 1 0 Torr. Auger 
spectroscopy (AES) i s used to c h a r a c t e r i z e the sample before and 
a f t e r r e a c t i o n . A second chamber was equipped w i t h Auger 
spectroscopy, low energy e l e c t r o n d i f f r a c t i o n (LEED) and a mass 
spectrometer f o r temperature programmed d e s o r p t i o n (TPD). 

Many such model systems have been s t u d i e d but a p a r t i c u l a r l y 
a p p e a l i n g combination i s t h a t of Cu on Ru. Cu i s immiscible i n Ru 
which f a c i l i t a t e s coverage determinations by TPD (4) and 
circumvents the c o m p l i c a t i o n of determining the 3-d composition. 
The a d s o r p t i o n and growth of Cu f i l m s on the Ru(0001) surface have 
been s t u d i e d (4-10.13-20) by work f u n c t i o n f u n c t i o n measurements, 
LEED, AES, and TPD. The r e s u l t s from recent s t u d i e s (4-10) 
i n d i c a t e t h a t f o r submonolayer d e p o s i t i o n s at 100K the Cu grows i n 
a h i g h l y d i s p e r s e d mode, subsequently forming 2-d i s l a n d s 
pseudomorphic to the Ru(0001) s u b s t r a t e upon annealing to 300K. 
Pseudomorphic growth of the copper i n d i c a t e s t h a t the copper-copper 
bond d i s t a n c e s are s t r a i n e d approximately 6% beyond the e q u i l i b r i u m 
bond d i s t a n c e s found f o r b u l k copper. 

A comparison of CO d e s o r p t i o n from Ru (2) from m u l t i l a y e r Cu 
( 10ML) on Ru and 1ML Cu on Ru i s shown i n F i g . 1. The TPD 
fe a t u r e s of the 1ML Cu (peaks a t 160 and 210K) on Ru are at 
temperatures intermediate between Ru and b u l k Cu. This suggests 
t h a t the monolayer Cu i s e l e c t r o n i c a l l y perturbed and that t h i s 
p e r t u r b a t i o n manifests i t s e l f i n the bonding of CO. An increase i n 
the d e s o r p t i o n temperature r e l a t i v e to b u l k Cu i n d i c a t e s a 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

8



18. GOODMAN Surface Properties of Mixed-Metal Catalysts 193 

Figure 1. TPD results for C O adsorbed to saturation levels on clean Ru(0001), on 
multilayer Cu, and on a 1ML Cu covered Ru(0001). (Reproduced with permission from 
ref. 7. Copyright 1986 Academic.) 
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194 CHARACTERIZATION AND CATALYST DEVELOPMENT 

s t a b i l i z a t i o n of the CO on the monolayer Cu suggesting a c o u p l i n g 
of the CO through the Cu to the Ru. The magnitude of the CO 
s t a b i l i z a t i o n i m p l i e s t h a t the e l e c t r o n i c m o d i f i c a t i o n of the Cu by 
the Ru i s s i g n i f i c a n t and should be observable w i t h a band 
s t r u c t u r e probe. Recent angular r e s o l v e d photoemission s t u d i e s (7) 
indeed show a unique i n t e r f a c e s t a t e which i s l i k e l y r e l a t e d to the 
a l t e r e d CO bonding on Cu f i l m s i n t i m a t e to Ru. 

Figu r e 2 shows the r e s u l t s (7) of CO chemisorption on the 
Cu/Ru(0001) system as a f u n c t i o n of the Cu coverage. In each case 
the exposure corresponds to a s a t u r a t i o n coverage of CO. Most 
apparent i n Figure 2 i s a monotonic decrease upon a d d i t i o n of Cu of 
the CO s t r u c t u r e i d e n t i f i e d w i t h Ru (peaks a t 400 and 480K) and an 
in c r e a s e o f the CO s t r u c t u r e corresponding to Cu (peaks at 160 and 
210K). The b u i l d u p of a t h i r d f e a t u r e a t -300K ( i n d i c a t e d by the 
dashed l i n e ) i s assigned to correspond to CO desorbing from the 
edges of Cu i s l a n d s . I n t e g r a t i o n o f the 200, 275, and 300K peaks 
p r o v i d e s i n f o r m a t i o n r e g a r d i n g i s l a n d s i z e s , t h a t i s , perimeter-to-
i s l a n d area r a t i o s , a t v a r i o u s Cu coverages. For example, at #Cu -
0.66 the average i s l a n d s i z e i s estimated to be approximately 50A 
i n diameter. This i s l a n d s i z e i s c o n s i s t e n t w i t h an estimate of 
the 2-d i s l a n d s i z e corresponding to t h i s coverage of 40-60A 
d e r i v e d from the width of the LEED beam p r o f i l e s (2). 

Model s t u d i e s o f the Cu/Ru(0001) c a t a l y s t have been c a r r i e d 
out (10) f o r methanation and hyd r o g e n o l y s i s r e a c t i o n s . These data 
suggest t h a t copper merely serves as an i n a c t i v e d i l u e n t , b l o c k i n g 
s i t e s on a one-to-one b a s i s . S i m i l a r r e s u l t s have been found i n 
analogous s t u d i e s (21) i n t r o d u c i n g s i l v e r onto a R h ( l l l ) 
methanation c a t a l y s t . 

S i n f e l t (22,) has shown t h a t copper i n a Cu/Ru c a t a l y s t i s 
co n f i n e d to the surface o f ruthenium. R e s u l t s from the model 
c a t a l y s t s d i s c u s s e d here then should be r e l e v a n t to those on the 
corresponding supported, b i m e t a l l i c c a t a l y s t s . Several such 
s t u d i e s have been c a r r i e d out i n v e s t i g a t i n g the a d d i t i o n of copper 
or other Group IB metals on the r a t e s of CO hydrogenation (23-25) 
and ethane hydrogenolysis (25.) c a t a l y z e d by ruthenium. In gene r a l , 
these s t u d i e s show a marked r e d u c t i o n i n a c t i v i t y w i t h a d d i t i o n of 
the Group IB metal suggesting a more profound e f f e c t of the Group 
IB metal on ruthenium than i m p l i e d from the model s t u d i e s . A 
c r i t i c a l parameter i n the supported s t u d i e s i s the measurement of 
the a c t i v e ruthenium s u r f a c e u s i n g hydrogen chemisorption 
techniques. H a l l e r and coworkers (26-27) have r e c e n t l y suggested 
t h a t hydrogen s p i l l o v e r d u r i n g chemisorption may occur from 
ruthenium to copper c o m p l i c a t i n g the assessment of surface Ru 
atoms. Recent s t u d i e s i n our l a b o r a t o r y (5-6) have shown d i r e c t l y 
t h a t s p i l l o v e r from Ru to Cu can take p l a c e and must be considered 
i n the hydrogen chemisorption measurements. H 2 s p i l l o v e r would 
l e a d to a s i g n i f i c a n t o v e r e s t i m a t i o n of the number of a c t i v e 
ruthenium metal s i t e s and thus to s i g n i f i c a n t e r r o r i n c a l c u l a t i n g 
ruthenium s p e c i f i c a c t i v i t y . I f t h i s i s indeed the case, the 
r e s u l t s obtained on the supported c a t a l y s t s , c o r r e c t e d f o r the 
ov e r e s t i m a t i o n of surface ruthenium, c o u l d become more comparable 
w i t h the model data r e p o r t e d here. F i n a l l y , the a c t i v a t i o n 
energies observed on supported c a t a l y s t s i n v a r i o u s l a b o r a t o r i e s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

8



18. GOODMAN Surface Properties of Mixed-Metal Catalysts 195 

100 200 300 400 500 600 

TEMPERATURE-K 

Figure 2. TPD results corresponding to C O adsorbed to saturation levels on the clean 
Ru(0001) surface, and from this same surface containing various coverages of Cu. 
(Reproduced with permission from ref. 7. Copyright 1986 Academic.) 
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196 CHARACTERIZATION AND CATALYST DEVELOPMENT 

are g e n e r a l l y unchanged by the a d d i t i o n o f Group IB metal (26-28) 
i n agreement w i t h the model s t u d i e s . 

These arguments suggest t h a t Ru s p e c i f i c r a t e s f o r 
methanation and ethane h y d r o g e n o l y s i s on supported Cu/Ru c a t a l y s t s 
approximate those v a l u e s found f o r pure Ru. As a consequence, the 
r a t e s f o r cyclohexane dehydrogenation r e a c t i o n on supported Cu/Ru, 
s i m i l a r l y c o r r e c t e d , must exceed those s p e c i f i c r a t e s found f o r 
pure Ru. The unc o r r e c t e d s p e c i f i c r a t e s f o r cyclohexane 
dehydrogenation on the supported Cu/Ru system remain e s s e n t i a l l y 
unchanged upon a d d i t i o n of Cu to Ru (10). An a c t i v i t y enhancement 
f o r cyclohexane dehydrogenation i n the mixed Cu/Ru system r e l a t i v e 
to pure Ru i s most s u r p r i s i n g g i v e n t h a t Cu i s l e s s a c t i v e f o r t h i s 
r e a c t i o n than Ru. 

Figu r e 3 shows the e f f e c t of the a d d i t i o n o f Cu to Ru on the 
r a t e o f cyclohexane dehydrogenation to benzene. The o v e r a l l r a t e 
of t h i s r e a c t i o n i s seen to i n c r e a s e by approximately an order o f 
magnitude a t a copper coverage o f 3/4 o f a monolayer. This 
t r a n s l a t e s to a Ru s p e c i f i c r a t e enhancement of -40. Above t h i s 
coverage, the r a t e f a l l s to an a c t i v i t y approximately equal to t h a t 
of Cu-free Ru. The o b s e r v a t i o n of non-zero r a t e s a t the highe r Cu 
coverages i s b e l i e v e d to be caused by three dimensional c l u s t e r i n g 
of the Cu o v e r l a y e r s (10) . S i m i l a r data have been obtained f o r 
t h i s r e a c t i o n on e p i t a x i a l and a l l o y e d A u / P t ( l l l ) s u r f a c e s (29). 

The r a t e enhancement observed f o r submonolayer Cu dep o s i t s 
may r e l a t e to an enhanced a c t i v i t y of the s t r a i n e d Cu f i l m f o r t h i s 
r e a c t i o n due to i t s a l t e r e d geometric (7) and e l e c t r o n i c (9) 
p r o p e r t i e s . A l t e r n a t i v e l y , a mechanism whereby the two metals 
c o o p e r a t i v e l y c a t a l y z e d i f f e r e n t steps of the r e a c t i o n may account 
f o r the a c t i v i t y promotion. For example, d i s s o c i a t i v e H 2 

a d s o r p t i o n on bu l k Cu i s unfavorable due to an a c t i v a t i o n b a r r i e r 
of approximately 5 kcal/mol (.30) . I n the combined Cu/Ru system, Ru 
may f u n c t i o n as an atomic hydrogen s o u r c e / s i n k v i a s p i l l o v e r 
to/from n e i g h b o r i n g Cu. A k i n e t i c a l l y c o n t r o l l e d s p i l l o v e r of H 2 

from Ru to Cu, dis c u s s e d above, i s c o n s i s t e n t w i t h an observed 
optimum r e a c t i o n r a t e a t an intermediate Cu coverage. 

F i n a l l y , we note the d i f f e r e n c e s between a Ru(0001) c a t a l y s t 
w i t h or without added Cu w i t h r e s p e c t to a t t a i n i n g s t e ady-state 
r e a c t i o n r a t e s . On the Cu-free s u r f a c e , an i n d u c t i o n time of 
approximately 10 minutes i s r e q u i r e d to achieve steady s t a t e 
a c t i v i t y . During t h i s time, p r o d u c t i o n o f benzene i s qu i t e low 
wh i l e the hydrogenolysis to lower alkanes, p r i m a r i l y methane, i s 
s i g n i f i c a n t l y h i g h e r than a t s t e a d y - s t a t e . During t h i s i n d u c t i o n 
time the carbon l e v e l (as determined by Auger spectroscopy) r i s e s 
to a s a t u r a t i o n value c o i n c i d e n t a l w i t h the onset of steady s t a t e 
r e a c t i o n . T his behavior suggests t h a t a carbonaceous l a y e r on the 
metal s u r f a c e e f f e c t i v e l y suppresses carbon-carbon bond s c i s s i o n , 
or h y d r o g e n o l y s i s , on the Ru su r f a c e . 

Cu a d d i t i o n leads to an enhanced r a t e of benzene p r o d u c t i o n 
w i t h l i t t l e or no i n d u c t i o n time. That i s , the i n i t i a l r a t e of 
cyclohexane h y d r o g e n o l y s i s , r e l a t i v e to the Cu-free s u r f a c e , i s 
suppressed. F u r t h e r , Cu reduces the r e l a t i v e carbon b u i l d u p on the 
sur f a c e d u r i n g r e a c t i o n . Thus, Cu may p l a y a s i m i l a r r o l e as the 
carbonaceous l a y e r i n suppressing cyclohexane hydrogenolysis w h i l e 
c o n c u r r e n t l y s t a b i l i z i n g those i n t e r m e d i a t e s l e a d i n g to the product 
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18. GOODMAN Surface Properties of Mixed-Metal Catalysts 197 

benzene. I n a d d i t i o n , copper may serve to weaken the chemisorption 
bond of benzene and thus l i m i t s e l f - p o i s o n i n g by adsorbed product. 
This l a t t e r p o s s i b i l i t y has been proposed by S a c h t l e r and Somorjai 
(29) to e x p l a i n the r o l e of Au i n A u / P t ( l l l ) c a t a l y s t s f o r t h i s 
r e a c t i o n . A weakening of benzene chemisorption s a t i s f a c t o r i l y 
accounts f o r our o b s e r v a t i o n t h a t the r e a c t i o n changes from zero 
order i n cyclohexane on Ru(0001) to approximately f i r s t order upon 
the a d d i t i o n of Cu. 

A second b i m e t a l l i c system which has been thoroughly s t u d i e d 
i s n i c k e l adsorbed onto tungsten (31-33) . On both W(110) and 
W(100), N i i s adsorbed l a y e r - b y - l a y e r . Annealing N i l a y e r s w i t h 
coverages l e s s than 1.3 ML to 1200K produces l i t t l e change i n the 
Ni(848eV)/W(179eV) AES r a t i o . However, f o r N i coverages above 
1.3ML, a 1200K anneal r e s u l t s i n a very slow i n c r e a s e i n t h i s AES 
r a t i o w i t h coverage, i n d i c a t i n g e i t h e r a l l o y or 3-dimensional 
i s l a n d formation. 

CO a d s o r p t i o n (.32) as a f u n c t i o n of N i coverage on W(110) has 
been i n v e s t i g a t e d . As the N i coverage i s i n c r e a s e d from 0.3 to 
1.0ML, a d s o r p t i o n on the W(110) s u b s t r a t e decreases, as evidenced 
by a r e d u c t i o n i n the CO f e a t u r e s between 225 and 350K, wh i l e a 
f e a t u r e at 380K becomes more prominent. The 380K CO TPD peak 
maximum f o r 1ML N i compares w i t h 430K f o r the CO TPD peak maximum 
f o r N i ( l l l ) (3J5) . I n c r e a s i n g the N i coverage above 1.0ML r e s u l t s 
i n a broadening of the 380K CO TPD peak and i n the development of a 
shoulder f e a t u r e , suggestive of b u l k N i CO d e s o r p t i o n , at -430K. 

CO chemisorption on the Ni/W(100) s u r f a c e as a f u n c t i o n of N i 
coverage i s s i m i l a r to CO a d s o r p t i o n on Ni/W(110) . As the N i 
coverage i s i n c r e a s e d from 0.3 to 1.0ML, decreasing i n t e n s i t y i n 
the TPD f e a t u r e s a s s o c i a t e d w i t h W(100) i s evident near 300K. At a 
N i coverage of 1ML, the CO TPD peak maximum i s reduced by 
approximately 50K from the corresponding peak maximum on Ni(100) 
(35). For coverages gr e a t e r than 1ML, a c l e a r shoulder at 420-450K 
i s observed, i n d i c a t i n g t h a t second and s u c c e s s i v e N i l a y e r s have 
chemisorptive p r o p e r t i e s very s i m i l a r to b u l k N i . Thus the W 
s u b s t r a t e s c l e a r l y a l t e r the chemisorptive p r o p e r t i e s of the f i r s t 
N i l a y e r , but have only s l i g h t e f f e c t s on the second and subsequent 
l a y e r s . 

That CO chemisorption i s perturbed on s t r a i n e d - l a y e r N i i s 
not s u r p r i s i n g i n view of CO chemisorption behavior on other metal 
o v e r l a y e r systems. For example, on Cu/Ru i t has been proposed that 
charge t r a n s f e r from Cu to Ru r e s u l t s i n decreased occupancy of the 
Cu 4s l e v e l . This e l e c t r o n i c m o d i f i c a t i o n makes Cu more " n i c k e l 
l i k e , " and r e s u l t s i n an increase i n the b i n d i n g energy f o r CO. 
S i m i l a r l y Cu/W (36.) a l s o e x h i b i t s charge t r a n s f e r to the s u b s t r a t e 
and a increase i n CO b i n d i n g s t r e n g t h to Cu. In another case where 
the CO b i n d i n g energy i n c r e a s e s , Ni/Ru (.37) , an increase i n the 
d e n s i t y of s t a t e s i s observed c l o s e to the Fermi l e v e l . The 
i n c r e a s e d e l e c t r o n d e n s i t y may r e s u l t i n i n c r e a s e d metal-CO 
backbonding, which i n t u r n would in c r e a s e the b i n d i n g energy of CO. 

In c o n t r a s t to the above examples, CO on Ni/W i s l e s s 
s t r o n g l y bound to the N i monolayer than to b u l k N i . One 
e x p l a n a t i o n f o r t h i s e f f e c t i s t h a t the charge t r a n s f e r observed 
from N i to W r e s u l t s i n a s h i f t of the N i d l e v e l s , r e l e v a n t to CO 
bonding, to h i g h e r b i n d i n g energies ( i . e . f a r t h e r from the Fermi 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

8



198 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Copper coverage (monolayers) 

Figure 3. Relative rate of reaction versus surface Cu coverage on Ru(0001) for cyclohexane 
dehydrogenation to benzene. P T = 101 Torr. H2/cyclohexane = 100. T = 650K. 
(Reproduced with permission from ref. 10. Copyright 1987 Elsevier.) 

t — ' — i — • — i — 1 — i — ' — r 

4» .9 ML N l/W (1001 
- 3 I • I • l • 

1 0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

1000/T (K"1) 

Figure 4. Arrhenius plot for C H 4 synthesis over several different Ni coverages on W(110) 
and W(100) at a total reactant pressure of 120 Torr, H 2 / C O = 4/1. (Reproduced from ref. 
41. Copyright 1987 American Chemical Society.) 
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18. GOODMAN Surface Properties of Mixed-Metal Catalysts 199 

l e v e l ) . Indeed, such an e f f e c t has been observed i n the case of 
Ni/Nb(110) and Pd/Ta(110) (38). S i m i l a r l y , r e s u l t s on other group 
V I I I metal - W systems (39-40) have shown a decrease i n the CO 
b i n d i n g s t r e n g t h . 

The c a t a l y t i c a c t i v i t y o f s t r a i n e d l a y e r N i on W(110) f o r 
methanation and ethane h y d r o g e n o l y s i s has been s t u d i e d as a 
f u n c t i o n o f N i coverage (41) . The a c t i v i t y per N i atom s i t e f o r 
methanation, a s t r u c t u r e i n s e n s i t i v e r e a c t i o n , i s independent o f 
the N i coverage ( F i g . 4) and s i m i l a r to the a c t i v i t y found f o r b u l k 
N i . The a c t i v a t i o n energy f o r t h i s r e a c t i o n i s lower on the 
s t r a i n e d metal o v e r l a y e r , however, v e r y l i k e l y r e f l e c t i n g the lower 
b i n d i n g s t r e n g t h o f CO on the b i m e t a l l i c system. 

I n c o n t r a s t , ethane h y d r o g e n o l y s i s , which i s a s t r u c t u r e 
s e n s i t i v e r e a c t i o n over b u l k N i , d i s p l a y e d marked s t r u c t u r a l 
e f f e c t s on the Ni/W system (41) . We have observed, as shown i n 
Figu r e 5, t h a t the s p e c i f i c r a t e , or r a t e per sur f a c e metal atom, 
but not the a c t i v a t i o n energy, i s a s t r o n g f u n c t i o n of metal 
coverage on the Ni/W(110) s u r f a c e , s u g g esting t h a t the c r i t i c a l 

1.5 1.7 1.9 2.1 

1 0 0 0 / T ( K " 1 ) 

Figure 5. Arrhenius plots of the rates of ethane hydrogenolysis versus Ni coverage on 
W(110) at a total pressure of 100 Torr, H ^ C ^ = 100. (Reproduced from ref. 41. 
Copyright 1987 American Chemical Society.) 
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200 CHARACTERIZATION AND CATALYST DEVELOPMENT 

r e a c t i o n step i n v o l v e s the need f o r a s i n g l e , s t e r i c a l l y unhindered 
N i atom. On the Ni/W(100) surf a c e the s p e c i f i c r e a c t i o n r a t e was 
independent o f N i coverage. I n a d d i t i o n , the r a t e on bulk N i ( 1 0 0 ) , 
Ni/W(110) i n the l i m i t of zero coverage, and Ni/W(100) were a l l 
e q u a l , as were the a c t i v a t i o n e n e r g i e s . This i m p l i e s t h a t on 
Ni/W(100) the N i atom geometry i s s u f f i c i e n t l y open to a l l o w 
unhindered access to each N i atom. Appa r e n t l y on the Ni/W(110) 
su r f a c e o n l y i s l a n d edges and i n d i v i d u a l atoms d i s p l a y a c t i v i t y 
s i m i l a r to the Ni(100) s u r f a c e ; the i s l a n d i n t e r i o r s , i n c o n t r a s t , 
e x h i b i t behavior s i m i l a r to N i ( l l l ) which has a much lower s p e c i f i c 
r a t e and hi g h e r a c t i v a t i o n energy. As the N i coverage i s reduced, 
the number of a c t i v e , N i ( 1 0 0 ) - l i k e atoms i n c r e a s e s , l e a d i n g to an 
inc r e a s e i n the s p e c i f i c r a t e . The a c t i v a t i o n energy, however, 
remains unchanged. 

We have s t u d i e d s e v e r a l other metal o v e r l a y e r s on W(110), 
W(100), and Ru(0001) s u b s t r a t e s (42). Table 1 l i s t s p r o p e r t i e s of 
the metal o v e r l a y e r s , and the e f f e c t o f the sub s t r a t e on CO 
chemisorption. I n general only the f i r s t monolayer grows 
pseudomorphically, though more than one monolayer may be s t a b l e 
before three dimensional i s l a n d s are formed (e. g. Cu/Ru grows two 
s t a b l e l a y e r s ) . The b i n d i n g s t r e n g t h of CO i s always a l t e r e d from 
the b u l k metal, though the magnitude of the e f f e c t i s seemingly 
more dependent on the metal o v e r l a y e r , than on the degree of s t r a i n 
induced by the sub s t r a t e (represented as the atom d e n s i t y 
mismatch). As w i t h Ni/W and Cu/Ru, the e f f e c t on CO b i n d i n g energy 
extends p r i m a r i l y to only the f i r s t monolayer; subsequent l a y e r s 
e x h i b i t behavior c l o s e to the bulk metal. 

Table 1. Comparison o f St r a i n e d - M e t a l Overlayer Systems 

Pseudomorphic/ Change 
Adsorbate Substrate Atom Density E p i t a x i a l i n CO 

Mismatch/ML Layers Desorption 
T 

Cu Ru(0001) 6% 1/2 50K 
Cu W(110) 20 1/1 80 
N i W(110) 21 1/1 -50 
N i W(100) 42 1/1 -50 
N i Ru(0001) 15 1/1 50 
Pd W(110) 10 1/1 -200 
Pd W(100) 35 2/2 -170 
Pd Ta(110) 18 1/1 -230 
Fe W(110) 9 1/2 -50 
Fe W(100) 35 2/2 -60 
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Chapter 19 

Studies of Pt Metal Catalysis 
by High-Resolution Electron 

Spectroscopy for Chemical Analysis 

Tery L . Barr and M. P. Yin 

Department of Materials and Laboratory for Surface Studies, 
University of Wisconsin-Milwaukee, Milwaukee, WI 53201 

In the present study we report the use of high reso
lution/acute sensitivity ESCA to examine high surface 
area alumina matrices after they have been doped with 
various platinum metals and other ingredients in a 
manner designed to simulate different preparative and 
use stages of Pt metal catalysis. Initially described 
are the electronic properties of the alumina itself. 
Valence band spectra are used to demonstrate the rela
tively large ionicity of the Al -0 bond and its corre
sponding effect on acidity. The implanting and the 
subsequent oxidation of platinum are shown to produce 
a surface dominated by P t ( + 2 ) , rather than Pt(+4), 
species. Reduction of this system yields Pt°, as 
indicated by the Pt(4d) ESCA spectra. The latter were 
reported, for the first time, for systems doped in the 
conventional catalytic range. Certain forms of cata
lytic abuse and alkali cation addition are also shown 
to produce a unique, substantial shift in the result
ing Pt and/or Pd ESCA spectra. These shifts are found 
to result from a l i t t le known anomaly that sometimes 
occurs in high resolution ESCA due to the charging and 
Fermi edge coupling problem. 

In the present case we report ESCA examinations of composite sys
tems realized when varying amounts of platinum metals (i.e. , Pt or 
Pd) and other species are doped by some conventional means onto a 
standard y-alumina support in a manner designed to simulate sys
tems often employed in Pt metals catalysis ( 1 , 2 ) . A unique feature 
of the present study is that the doping compositions are typical 
of those of real catalysts, e.g., 0.2 < Pt wt% < 0.75. Generally 
the Pt metals can be assumed to be the principal active metal 
species added, although the function of that dopent has been sus
pected to depend significantly on the other species present ( 3 ) . 

0097-6156/89/0411-0203$06.00/0 
c 1989 American Chemical Society 
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204 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Examples of the l a t t e r are demonstrated along w i t h the c l a r i f i c a 
t i o n of c e r t a i n o t h e r q u e s t i o n s f o r b i m e t a l l i c systems ( 3 . 4 ) . I t 
i s not our i n t e n t i o n t o d e s c r i b e a c a t a l y t i c p r o c e s s , but r a t h e r 
the m a t e r i a l s a l t e r a t i o n s t h a t seem to occur d u r i n g common s e t up 
procedures, such as o x i d a t i o n and r e d u c t i o n . We w i l l a l s o r e p o r t 
on a unique ESCA based method t h a t seems to determine the important 
f e a t u r e of metals d i s p e r s i o n i n the alumina m a t r i x , a f e a t u r e t h a t 
may be d i s t u r b e d as a r e s u l t of the "abuse" experienced by a 
c a t a l y s t (1). 

Experimental 
As i n d i c a t e d , the range of metals doping employed h e r e i n i s common 
to " r e a l " reforming c a t a l y s t s as reported i n the p u b l i s h e d and 
patent l i t e r a t u r e ( 2 ) . I t should be noted t h a t these values are 
q u i t e d i f f e r e n t from those g e n e r a l l y r e p o r t e d i n p r e v i o u s p u b l i c a 
t i o n s d e a l i n g with ESCA s t u d i e s of Pt metal systems s i m u l a t i n g the 
reforming p r o c e s s . In g e n e r a l , those s t u d i e s examined m a t e r i a l s 
with e i t h e r u n r e a l i s t i c a l l y l a r g e compositions ( 5 ) , or i n a p p r o 
p r i a t e (but i n t e r e s t i n g ) supports ( 6 ) , or ignored a l t o g e t h e r the 
Pt i n t h e i r analyses ( 7 ) . T h i s was done because these a n a l y s e s 
were plagued by the problem of the blockage of the major ESCA s i g 
nal f o r platinum, the P t ( 4 f ) peaks, by the A l ( 2 p ) . We have suc
ceeded i n c i r c u m v e n t i n g t h i s problem by employing extremely long 
scans of the much weaker ( i n c r o s s s e c t i o n ) Pt(4d) l i n e s (compared 
t o the aforementioned P t ( 4 f ) ) and e x p l o i t i n g the r e l a t i v e l y high 
r e s o l u t i o n , acute s e n s i t i v i t y and long-time s t a b i l i t y of the 
HP-5950 ESCA l o c a t e d a t the A l l i e d S i g n a l Engineered M a t e r i a l s 
Research Center. T h i s system was equipped with a l l of the conven
t i o n a l p e r i p h e r a l equipment, p l u s c e r t a i n sample h a n d l i n g and 
treatment chambers and d e v i c e s , t h a t markedly f a c i l i t a t e d t h i s type 
of study. Of p a r t i c u l a r importance among the t o o l s was an e l e c t r o n 
f l o o d gun t h a t was o f t e n employed to a s s i s t i n the ESCA a n a l y s i s 
of i n s u l a t i n g systems (1). 

R e s u l t s 
A n a l y s i s of the Alumina Support. Any a n a l y s i s of the alumina 
supported metals c a t a l y s t should begin with the alumina i t s e l f . 
Numerous ESCA r e s e a r c h e r s have examined v a r i o u s aluminas, but they 
have almost e x c l u s i v e l y s t u d i e d the prominent c o r e l e v e l peaks, 
p a r t i c u l a r l y the Al(2p) l i n e s (1). We have done so as w e l l , and 
f i n d f o r a l l cases ( i n c l u d i n g the former) nothing unusual, except 
t h a t the Al(2p) b i n d i n g e n e r g i e s d e t e c t e d i n s t u d i e s of conven
t i o n a l alumina powders (73.8 eV) are g e n e r a l l y s i g n i f i c a n t l y 
s m a l l e r than many of the b i n d i n g e n e r g i e s r e p o r t e d f o r AI2O3 
grown as a f i l m on Al° ( 8 ) . G e n e r a l l y , f o r example, l i t t l e , i f 
any, d i f f e r e n c e i s d e t e c t e d between the ESCA core l e v e l r e s u l t s f o r 
d i f f e r e n t alumina phases (e.g., y vs. a), and very l i t t l e can be 
s a i d about the nature of alumina (compared to o t h e r p o s s i b l e sup
p o r t m a t r i c e s ) from these core l e v e l r e s u l t s ( I ) . 

R e c e n t l y we have extended analyses of oxides such as alumina 
to i n c l u d e high r e s o l u t i o n , XPS generated, v a l e n c e band s p e c t r a 
(9.10). These long n e g l e c t e d s p e c t r o s c o p i c s t r u c t u r e s a r e 
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19. BARR & YIN Studies of Pt Metal Catalysis 205 

r e l a t i v e l y weak i n s i z e and r e q u i r e very high r e s o l u t i o n t o y i e l d 
s u f f i c i e n t r e p r o d u c i b i l i t y f o r u s e f u l a n a l y s i s . Employing the 
p r e v i o u s l y mentioned spectrometer we have achieved these c o n d i t i o n s 
and found the r e s u l t i n g s p e c t r a t o be more r e v e a l i n g than core 
peaks with r e s p e c t to s t u d i e s of chemical f e a t u r e s , such as i o n -
i c i t y and a c i d i t y ( 7 , 8 ) . For example, c a r e f u l a n a l y s i s of the 
valence band s p e c t r a f o r a-Si02 and Y-AI2O3 suggests t h a t the M-0 
bond (M-Si or A l ) of the former i s much more c o v a l e n t than the 
l a t t e r (7.11). see F i g u r e 1. T h i s has l e d us t o conclude t h a t the 
Si-O-H system may e x h i b i t g r e a t e r Bronsted a c i d i t y than the Al-O-H 
system, but t h a t the Lewis a c i d i t y should be r e v e r s e d . The degree 
of these d i f f e r e n t e f f e c t s may be d i r e c t l y r e l a t e d t o the magnitude 
of the c o v a l e n t s h i f t , E c , r e v e a l e d i n F i g u r e 1. 
O x i d i z e d M a t e r i a l . Most of the systems u t i l i z e d f o r the purposes 
mentioned above are i n i t i a l l y formed from o x i d i z e d v e r s i o n s of the 
p l a t i n u m o f t e n placed i n t o the alumina matrix by a quasi ion ex
change of a p a r t i c u l a r p l a t i n u m complex (1). One of the most popu
l a r procedures i n v o l v e s the use of the p l a t i n u m (+4) a c i d , H2PtCl5. 
G e n e r a l l y t h i s system i s then s u b j e c t e d t o f u r t h e r o x i d a t i o n , t o 
ensure a c o n s i s t e n c y of m a t e r i a l s s t a t e s b e f o r e subsequent 
r e d u c t i o n . 

We have employed ESCA t o examine a number of systems formed 
i n t h i s manner f o l l o w i n g o x i d a t i o n , and have always d e t e c t e d e s 
s e n t i a l l y the same, somewhat s u r p r i s i n g d i s t r i b u t i o n of p r o d u c t s . 
In a l l cases the p r i n c i p a l p l a t i n u m s p e c i e s found by the ESCA i s 
not Pt(+4), but r a t h e r Pt(+2). A r e p r e s e n t a t i v e case i s d i s p l a y e d 
i n F i g u r e 2. I t should be noted t h a t we are not a l o n e i n d e t e c t 
in g t h i s "anomaly." Czaran et a l . (12) have a l s o determined t h a t 
h e x a c h l o r o p l a t i n i c a c i d y i e l d s a s u r f a c e dominated by Pt(+2) 
s p e c i e s , w i t h the Pt(+4) s t a t e r e t a i n e d at the s u r f a c e o n l y when 
the hexamine complex i s employed. I t should a l s o be noted t h a t 
the enumeration of the Pt(+2) s t a t e was achieved by d e t e r m i n i n g the 
peak b i n d i n g e n e r g i e s , and comparing those to the v a l u e s found f o r 
o t h e r p l a t i n u m s p e c i e s i n v a r i o u s o x i d a t i o n s t a t e s ( I ) . T h i s p r o 
cedure and d e t a i l e d a n a l y s i s f u r t h e r suggests t h a t modest amounts 
of the s u r f a c e platinum i n the o x i d i z e d system may be i n the Pt(+4) 
and Pt° s t a t e s , see F i g u r e 2. The l a t t e r may, i n f a c t , be d i s t r i 
buted s u b s u r f a c e t o the Pt(+2), and treatment of the r e s u l t i n g 
system with ion e t c h i n g t o remove the o u t e r s u r f a c e seems t o sug
gest t h a t some degree of t h i s Pt(+2) " c o a t i n g " i s o c c u r r i n g . 
Metals Reduction and D i s p e r s i o n . A major q u e s t i o n i n metals c a t a 
l y s i s , and many ot h e r f i e l d s of m a t e r i a l s s c i e n c e , concerns the 
r e d u c t i o n of the m e t a l ( s ) , perhaps t o t h e i r zero v a l e n t form, e.g., 
Pt°, and the d i s t r i b u t i o n ( o r d i s p e r s i o n ) of the metal throughout 
the oxide support m a t r i x , e.g., A1203 ( 1 . 2 ) . 

S i n c e the AI2O3, i n q u e s t i o n , i s a s u r f a c e i n s u l a t o r , the 
ESCA examination of these systems must c o n s i d e r the aforementioned 
c h a r g i n g problem. In a d d i t i o n , s i n c e t h e r e i s some q u e s t i o n h e r e i n 
as to the d i s t r i b u t i o n of a c o n d u c t i v e metal i n t h i s i n s u l a t o r , one 
must a l s o be c o g n i z a n t of the more d i f f i c u l t f e a t u r e g e n e r a l l y 
l a b e l e d as d i f f e r e n t i a l c h a r g i n g (13). 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
01

9



206 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i : : 
2 0 1 5 1 0 

BINDING ENERGY (eV) 

F i g . 1. Overlay of Si02 and AI2O3 valence bands w i t h 
l e a d i n g edges f o r c e d to a l i g n ( a t h a l f maximum). 
Enlarged width of S i 0 2 , p r i m a r i l y due t o i t s enhanced 
covalency. 
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19. BARR & YIN Studies of Pt Metal Catalysis 207 

F i g . 2. Pt(4d5/2) s p e c t r a f o r s e l e c t Pt on AI2O3 c a t a l y s t s . 
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208 CHARACTERIZATION AND CATALYST DEVELOPMENT 

A d e t a i l e d d e s c r i p t i o n of the c h a r g i n g s h i f t must be reserved 
f o r a more a p p r o p r i a t e source (1.10.13). Herein we note t h a t 
c h a r g i n g occurs d u r i n g the p h o t o e l e c t r o n process because the nega
t i v e l y charged emissions leave behind p o s i t i v e c e n t e r s t h a t must 
be compensated, or they w i l l b u i l d i n t o a macroscopic, p o s i t i v e 
charge. If the e m i t t i n g s u r f a c e i s a conductor, conduction band 
e l e c t r o n s w i l l p r o v i d e the compensation and no s h i f t w i l l o c c u r . 
If not, however, a p o s i t i v e c h a r g i n g s h i f t w i l l develop. In the 
l a t t e r case, the a t t r i b u t e s of the conduction e l e c t r o n s may be 
simulated by a low energy, e l e c t r o n f l o o d gun, such as the one 
r e f e r r e d t o i n the previous s e c t i o n . I f p r o p e r l y a p p l i e d , t h i s 
d e v i c e o f t e n f a c i l i t a t e s the removal of c h a r g i n g , but i t should be 
noted t h a t the standard process does nothing t o b r i n g about a 
co u p l i n g of the Fermi edge of the i n s u l a t i n g sample and t h a t of the 
spectrometer (1,9.13). Thus, d u r i n g standard measurements the 
Fermi edge of the former may be f l o a t i n g , and the r e a l i z e d b i n d i n g 
energy values may be i n a p p r o p r i a t e . 

The l a t t e r i s o b v i o u s l y the case d u r i n g ESCA measurements of 
a doped alumina system. I n t e r j e c t i o n of c o n d u c t i v e metal p a r t i c l e s 
i n t o t h i s i n s u l a t i n g matrix may produce the d i f f e r e n t i a l c h a r g i n g 
f e a t u r e , (13). Thus, i f two s p e c i e s , A and B, have d i s t i n c t l y 
d i f f e r e n t c o n d u c t i v i t i e s , the degree of char g i n g (and Fermi edge 
c o u p l i n g ) observed w i l l depend upon the r e l a t i v e c o n c e n t r a t i o n s 
and extent of mixing (13). Thus, f o r a (near) s o l i d s o l u t i o n , i f 
[A] ^ [ B ] , a composite value (dominated by the most co n d u c t i v e 
s p e c i e s ) w i l l be r e a l i z e d , whereas, i f [A] o r [B] s u b s t a n t i a l l y 
exceeds the o t h e r , the c o n d u c t i v e behavior of the major s p e c i e s 
w i l l predominate. 

In our case t h e r e i s 0.2-0.7 wt% P t [ A ] , g e n e r a l l y w e l l d i s 
persed ( e s s e n t i a l l y d i s s o l v e d ) i n a matrix of A l 2 0 3 [ B ] , and the 
prev i o u s argument would suggest a system t h a t e x h i b i t s the c h a r g i n g 
p r o p e r t i e s of [ B ] , the alumina. Thus, d e s p i t e the e x c e l l e n t con
d u c t i v i t y of Pt° when i t i s a macroscopic continuum, i n the present 
case i t w i l l , f o r a l l measurable purposes, charge along with the 
AI2O3 m a t r i x , p a r t i c u l a r l y i f the Pt° i s , as suggested, a con
t i g u o u s (near s o l i d s o l u t i o n ) p a r t of the mixture. T h i s has been 
observed on numerous o c c a s i o n s d u r i n g ESCA s t u d i e s of plat i n u m 
doped alumina systems, where the Pt° has been confirmed to be w e l l 
d i s p e r s e d by those who (bu l k ) a n a l y z e , and use, these systems 
( 3 J 4 ) . 

If we attempt to compensate f o r the c h a r g i n g w i t h the use of 
the e l e c t r o n f l o o d gun, we f i n d t h a t we are a b l e t o e s s e n t i a l l y 
accomplish t h i s f o r both the AI2O3 and Pt°. However, t h i s 
o b s e r v a t i o n does not r e a d i l y f a c i l i t a t e ESCA d e t e c t i o n of t h i s 
system, s i n c e , as noted above, the r e l a t i v e l y s t r o n g P t ( 4 f ) l i n e s 
remain hidden under the dominant A l ( 2 p ) peak. F o r t u n a t e l y , i n the 
present case, one may e x p l o i t the high r e s o l u t i o n and acute s e n s i 
t i v i t y of the HP ESCA t o r e a l i z e the weak Pt(4ds/2) peak, as 
di s p l a y e d i n Fi g u r e 2b f o r a r e p r e s e n t a t i v e case. T h i s i s the 
f i r s t p r e s e n t a t i o n of a Pt ESCA spectrum with t h i s wt% Pt i n 
AI2O3, and s e v e r a l chemical s t a t e s appear t o be pre s e n t . How
ever, although the spectrum i s seemably not s i n g u l a r , i t i s 
dominated by one l i n e t h a t seems t o peak a t ~ 314.0 eV. T h i s 
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19. BARR & YIN Studies of Pt Metal Catalysis 209 

value i s almost i d e n t i c a l t o t h a t (4ds/2) produced by the Pt° i n 
a continuous (sheet) of p l a t i n u m metal (15.). 

Returning now t o our system c o n t a i n i n g ~ 0.5 wt% Pt doped 
i n t o A1203, we have p r e v i o u s l y noted t h a t the contiguous d i s 
p e r s i o n of the platinum may be e x t e n s i v e l y d i s t u r b e d by s u b m i t t i n g 
the system to c e r t a i n forms of p h y s i c a l (and/or chemical) abuse. 
Such treatment has been r e c o g n i z e d o f t e n to e f f e c t e x t e n s i v e c r y 
s t a l l i t e growth (1-3.13,14). When we have examined such ( n o n d i s -
persed) systems with ESCA, a very p e c u l i a r r e s u l t i s observed. We 
f i n d t h a t the systems seem t o charge i n a manner t h a t i s s i m i l a r 
to the contiguous mixture; but, f o l l o w i n g attempts t o use the 
e l e c t r o n f l o o d gun to remove c h a r g i n g , the components of the 
alumina behave as expected, but the metals peaks a r e a l l s i g n i f i 
c a n t l y s h i f t e d , u s u a l l y t o extremely low, seemably u n r e a l i s t i c 
b i n d i n g e n e r g i e s . A t y p i c a l example f o r Pt doped AI2O3 i s 
di s p l a y e d i n F i g u r e 3. 

No c e r t a i n e x p l a n a t i o n e x i s t s f o r t h i s e f f e c t , but a reason
a b l e r a t i o n a l (13.) seems t o be: As the systems a r e abused, the Pt 
atoms are induced to c l u s t e r i n t o small c r y s t a l l i t e s t h a t should 
e x h i b i t the i n i t i a l v e s t i g e s of the behavior of a t r u e metal 
( v a l e n c e e l e c t r o n d e r e a l i z a t i o n and formation of a Fermi edge, 
e t c . ) . These newly formed "clumps" of metal a r e , seemably, "awash" 
i n a sea of the AI2O3 i n s u l a t o r . ( I f one were t o examine the 
c r y s t a l l i t e s m i c r o s c o p i c a l l y , one would f i n d t h a t the s i z e of these 
c l u s t e r s , P, i s s t i l l very small r e l a t i v e t o t h e i r s e p a r a t i o n i n 
the m atrix, Q, i . e . , P/Q « 1.) Thus, each u n i t of p l a t i n u m metal 
i n t h i s system should have a Fermi edge t h a t i s i s o l a t e d (by the 
AI2O3) from the Fermi edge of the spectrometer, and each o t h e r , 
i . e . , thermal e q u i l i b r i u m between the Pt c l u s t e r s and the s p e c t r o 
meter i s not e s t a b l i s h e d . S i n c e ESCA measurements are s t i l l made 
a g a i n s t the l a t t e r s Fermi edge, and the Fermi edge of the former 
may be f l o a t i n g anywhere r e l a t i v e t o t h a t p o s i t i o n , the r e s u l t i n g 
measured b i n d i n g e n e r g i e s a r e , t h e r e f o r e , not r e a l . But i t should 
be observed t h a t we p r i m a r i l y f i n d t h i s e f f e c t when the metals i n 
q u e s t i o n have c l o i s t e r e d i n t o the c r y s t a l l i t e s , thus imparting t o 
the Pt° a m e t a l l i c c h a r a c t e r . F u r t h e r , we have found evidence t h a t 
suggests t h a t the r e l a t i v e p o s i t i o n of t h i s new Pt°' b i n d i n g energy 
i s not e n t i r e l y independent, but seems t o depend upon the s i z e , 
shape and p o s i t i o n s of the metal c r y s t a l l i t e s . For reasons t h a t 
are not e n t i r e l y understood, t h i s d i f f e r e n t i a l c h a r g i n g s h i f t , f o r 
most metals, i s i n a ne g a t i v e b i n d i n g energy d i r e c t i o n . Thus, we 
f i n d f o r a t h e r m a l l y abused Pt metal c a t a l y s t t h a t i t e x h i b i t s a 
s u b s t a n t i a l l y negative s h i f t , as f o r example, seen i n F i g u r e 3. 
B i m e t a l l i c Cases. In a d d i t i o n , we have d i s c o v e r e d t h a t a r e s u l t , 
perhaps r e l a t e d to t h i s d i f f e r e n t i a l c h a r g i n g e f f e c t , may, i n some 
cases, be c h e m i c a l l y induced. In t h i s regard, we have examined a 
s e r i e s of Pd doped-alumina systems t h a t are a l s o i n f u s e d with d i f 
f e r e n t a l k a l i c a t i o n s . Even without p h y s i c a l abuses, these systems 
produce the aforementioned n e g a t i v e s h i f t (with r e s p e c t to "normal" 
Pd°), and one a l s o f i n d s t h a t the s i z e of the s h i f t seems to 
depend, i n a r e g u l a r f a s h i o n , on which a l k a l i c a t i o n i s employed 
( i . e . , the r e l a t i v e i o n i c i t y of the l a t t e r ? ) , see F i g u r e 4. T h i s 
r e s u l t seems t o suggest two p o s s i b l e e x p l a n a t i o n s . E i t h e r the 
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210 CHARACTERIZATION AND CATALYST DEVELOPMENT 

80 78 76 74 72 70 68 66 64 
BINDING ENERGY (eV) 

F i g . 3. Example of Pt c r y s t a l l i t e (Pt°') growth i n Pt/Al2(>3 
c a t a l y s t , a) Reduced pre-abuse case (note no v i s i b l e Pt 
( 4 f ) ) . b) E x t e n s i v e l y abused. 
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19. BARR & YIN Studies of Pt Metal Catalysis 211 

F i g . 4. Example of i n c r e a s e i n P d 0 1 ( d i f f e r e n t i a l l y charged Pd) 
with i n c r e a s e d b a s i c i t y of a l k a l i n e dopent. 
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212 CHARACTERIZATION AND CATALYST DEVELOPMENT 

d i f f e r e n t c a t i o n s induce the presence of d i f f e r e n t s i z e d and shaped 
Pd c l u s t e r s , and the e f f e c t i s as p r e v i o u s l y e x p l a i n e d , or these 
a l k a l i c a t i o n s are a b l e t o f o r c e d i f f e r i n g amounts of excess e l e c 
t r o n s i n t o the p a r t i a l l y vacant Pd d bands. At t h i s time we are 
u n c e r t a i n of the o r i g i n s of t h i s e f f e c t , but based upon a d d i t i o n a l , 
as yet unreported work, we suspect a mixture of both e x p l a n a t i o n s . 

Numerous o t h e r b i m e t a l l i c s i t u a t i o n s may o c c u r i n c a t a l y s i s , 
perhaps r e l a t e d to the a d d i t i o n of a l k a l i c a t i o n s . For example, 
Burch (3) has examined cases where Group 4A s p e c i e s such as Sn are 
added to the Pt/Cl/Al203 reforming combination i n o r d e r t o en
hance the s t a b i l i t y , and a l s o f a v o r a b l y a f f e c t r e l a t e d f e a t u r e s . 
Sexton et a l . (7) have examined s i m i l a r systems w i t h ESCA, and, as 
noted above, have found t h a t i n the common c a t a l y t i c doping range, 
e.g., Pt(0.25-0.75 wt%) and Sn(0.4-0.75 wt%), they were a b l e t o 
monitor the b e h a v i o r of the t i n and found t h a t i n the o x i d i z e d 
v e r s i o n Sn(+4) s p e c i e s were p r e s e n t , whereas, f o l l o w i n g r e d u c t i o n , 
s u r f a c e Sn(+2) e n t i t i e s p e r s i s t e d ( 7 ) . We have a l s o examined 
simulated Pt/Sn c a t a l y s t s of s i m i l a r composition and found t h a t 
r e d u c t i o n y i e l d s S n ( I I ) . T h i s was c o n s i s t e n t w i t h the arguments 
of Burch ( 3 ) , and seemed t o be c o n t r a r y t o the a l l o y f o rmation 
concept of S a c h t l e r et a l . (4b) and C l a r k e ( 4 a ) . 
C o n c l u s i o n 
In t h i s r e p o r t , we have demonstrated how ESCA may be employed to 
produce d e t a i l e d ( p r i m a r i l y chemical) i n f o r m a t i o n about the s t a t e s 
of a l l the components i n systems t h a t c l o s e l y r e p l i c a t e those 
commonly used i n v a r i o u s types of Pt metals c a t a l y s t s . Beginning 
with the support matrix (e.g., Y-AI2O3), we have demonstrated how 
XPS valence band s t u d i e s may be employed i n the d e s c r i p t i o n of 
c e r t a i n bonding f e a t u r e s ( e . g . , c o v a l e n c y / i o n i c i t y and, perhaps, 
types and degrees of a c i d i t y ) t h a t have been shown to be c r i t i c a l 
t o the c h o i c e of these components. We have subsequently demon
s t r a t e d how high r e s o l u t i o n / a c u t e s e n s i t i v i t y ESCA may be employed 
t o circumvent the problem of the blockage of the P t ( 4 f ) l i n e s by 
the Al(2p) f o r r e a l i s t i c a l l y doped systems. Long time scans of the 
Pt(4d) have r e v e a l e d t h a t the s u r f a c e p l a t i n u m ( i n t r o d u c e d as 
PtClg) i n the prereduced system f a v o r s the Pt(+2) s t a t e even 
f o l l o w i n g a t r a d i t i o n a l o x i d a t i o n s t e p . ESCA examination of a 
reduced system c o n t a i n i n g l e s s than 0.75 wt% Pt and 1.0 wt% CI on 
Y-AI2O3 r e v e a l s "normal" Pt°, when the l a t t e r i s a p p a r e n t l y 
w e l l d i s p e r s e d i n t o the alumina. When the p l a t i n u m i s not w e l l 
d i s p e r s e d ( f o r example, as a r e s u l t of e x t e n s i v e abuse) the Pt ESCA 
s i g n a l s produce unusual, r e p r o d u c i b l e , n e g a t i v e s h i f t s a f t e r being 
exposed to the f l o o d gun c u r r e n t , s u g g e s t i n g d i f f e r e n t i a l c h a r g i n g 
b e h a v i o r . S i m i l a r p r o g r e s s i v e , n e g a t i v e s h i f t s seem to a r i s e i n 
s e l e c t e d Pd c a t a l y s t s when doped with v a r i o u s a l k a l i metals. 

I t a l s o should be noted t h a t we have h e r e i n , i n e f f e c t , turned 
the c h a r g i n g problem around and made i t an a u x i l i a r y m orphological 
t o o l . In o r d e r t o demonstrate the v e r s a t i l i t y of t h i s t o o l , we 
have employed the aforementioned n e g a t i v e s h i f t w i t h c l u s t e r f o r 
mation not o n l y t o study metals d i s p e r s i o n s , but a l s o t o a s s i s t i n 
the study of the i n t e g r i t y of t h i n f i l m i n t e r f a c e s (16.), and metals 
s e g r e g a t i o n d u r i n g a l l o y i n g c o r r o s i o n (V7). 
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Chapter 20 

Characterization of Supported Metal Catalysts 
by X-ray Photoelectron Spectroscopy 

The Problem of the Binding Energy Reference 

Robert F. Hicks 

Department of Chemical Engineering, University of California, 
Los Angeles, CA 90024-1592 

The energy levels for x-ray photoemission from metal particles on insulat
ing supports are described. Metal particles on insulators are not grounded 
to the spectrometer. The vacuum levels of the metal particle and the insu
lator align at some unknown potential relative to the vacuum level of the 
spectrometer. Referencing the binding energy to an internal standard, as is 
usually done for catalysts, introduces two unknowns in the binding energy 
equation: the work function of the metal and the work function of the 
internal standard. If the support is a semiconductor or semimetal, or the 
metal particles are small (<25 angstroms), additional unknowns are intro
duced. These observations are confirmed by recent experiments. X-ray 
photoemission studies of metal-support interactions are reinterpreted in 
light of these results. 

In the early seventies, x-ray photoelectron spectroscopy (XPS) emerged as an important 
tool for characterization of catalysts (1-3). The principle advantages of XPS are that it 
identifies the elemental composition of the sample surface, and it gives some indication of 
the chemical state of these elements. The latter capability has been exploited most often in 
catalysis research. 

The goal of catalyst development is to understand how the chemical and physical 
properties of the catalyst affect its activity and selectivity for a desired reaction. For a sup
ported metal, the variables affecting its function are the metal composition, the metal parti
cle size, the particle shape, the structure of the metal surface, the oxidation state of the 
metal, the composition of the support, and the presence of promoters or poisons. These 
variables influence catalytic activity by altering both the structure and electronic state of the 
metal. The relative importance of the structure effect versus the electronic effect has been 
a question that catalyst researchers have long sought to answer. 

Many years ago Schwab proposed that the reactivity of a metal could be modified 
through an electronic interaction with the support (4.5). Boudart and other researchers 
have presented a strong case for such an effect occurring in the Pt/Y zeolite system (6). 
Electronic interactions have been postulated for other systems exhibiting metal-support 
interactions: group VIII metal/Ti0 2 (Strong-Metal-Support-Interaction) (7.8): P d / L a 2 0 3 (9); 
and Pt /W0 3 /S i0 2 (10). Much evidence has been accumulated to show that these metal-
support interactions result in partial covering of the metal crystallites by the oxide support 
(10-19). To what extent the oxide patches interact electronically with the surrounding 
exposed metal surface remains unclear. 

0097-6156/89/0411-0214$06.00/0 
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20. HICKS Characterization of Supported Metal Catalysts 215 

X-ray photoelectron spectroscopy has been used to investigate metal-support 
interactions (9.10.18.20-25). In these studies, it was assumed that a shift in the binding 
energy of the metal particles is indicative of electron transfer with the support. However, 
this interpretation hinges on an absolute calibration of the binding energy scale for the 
series of samples (or supports) being tested. The zero point on the binding energy scale is 
an unresolved issue for supported metal catalysts. The purpose of this paper is to delineate 
those factors affecting the position of the metal binding energy in the photoelectron spec
trum of the catalyst. We will show that this position cannot be established with any degree 
of confidence. 

Photoemission From Insulators 

In handbooks and review articles on XPS, there are very nice, accurate descriptions of the 
energy transitions which occur during photoemission from metals (1.26-29). Unfor
tunately, a metallic catalyst is comprised of 95% or more support, and this support is usu
ally insulating. Photoemission from an insulator is fundamentally different from the pro
cess for a metal (30.31). A metal grounds itself to the sample holder, so that the Fermi 
levels of the sample and spectrometer are equilibrated. The Fermi level provides an unam
biguous zero for the energy scale. A schematic of the energy levels for photoemission 
from a metal is shown in Figure 1. Shifts in the core levels of a metal sample are recog
nizable as changes in chemical composition (an initial state effect). Thus, the formation of 
an oxide layer on the surface of aluminum can be observed by a 2.5 eV increase in the A l 
2p binding energy (30). 

A n insulator, on the other hand, has an ill-defined Fermi level which does not 
equilibrate with the spectrometer. Instead, the vacuum level of the insulator (E^) aligns 
with the local electrostatic potential surrounding its surface. A n insulator more than a 
micron thick (which is the case for most catalyst samples analyzed by XPS) will not be 
within the local potential of the metal sample holder. The insulator will be separated from 
the spectrometer vacuum level (E^) by some voltage (V p ) (30). This voltage will depend 
on the geometry of the sample holder and on the energy and flux of electrons from the x-
ray source, the flood gun, the sample itself, and all other sources within the chamber. The 
potential V p cannot be reliably measured. 

A metal particle placed on top of an insulator will also align itself with the insula
tor vacuum level. A schematic of the energy levels for photoemission from a metal on an 
insulator are shown in Figure 2. The diagram assumes that the electrostatic field is uni
form across the sample surface. Since the spectrometer is grounded, the kinetic energy of 
the photoelectron is measured relative to the spectrometer vacuum level, which is separated 
by an unknown V p from the sample vacuum level. If the metal particle is placed on a 
semiconductor or a semimetal, the Fermi levels of the spectrometer, substrate and metal 
particle will attempt to align themselves with varying degrees of success. In this case, the 
Fermi level of the metal particle will float relative to the Fermi level of the spectrometer. 
Another alternative is for the electrostatic field to vary across the sample surface. This will 
give rise to multiple peaks for photoemission from a single energy level. 

A n energy balance of the photoemission process can be constructed for the two 
limiting cases shown in Figures 1 and 2: 

Metal 

E ^ = h v - E k ^ - c | ) s (1) 

Metal on Insulator 

E B

M = h v - E k ^ - 4 ) M + V p (2) 

where E g 1 is the metal binding energy, E ^ is the metal photoelectron kinetic energy, (j>s is 
the spectrometer work function, and $ M is the metal particle work function. 
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216 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Spectrometer 
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• M 3d 5/2 

Metal Sample 

Figure 1. A schematic of the energy levels for photoemission from a metal sample. 
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Figure 2. A schematic of the energy levels for photoemission from a large metal par
ticle on an insulator. 
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20. HICKS Characterization of Supported Metal Catalysts 217 

If one is confident that the catalyst support is an insulator, then equation (2) can be 
used to estimate the binding energy of the metal. However, some independent measure
ment is needed to obtain values of § M and V p . A value for the metal work function cannot 
be assumed a priori. The work function can vary ±0 .5 eV depending on the structure of 
the surface and the coverage of adsorbed molecules (32). As stated earlier, V p depends on 
a number of variables which are difficult to measure. 

It has been suggested that these problems can be overcome by using an internal 
standard, such as the C Is peak of the carbon impurity, or the Au 4f 7/2 peak of vapor 
deposited gold (3133). If equation (2) holds for the internal standard as well, the unk
nown V p can be eliminated by subtraction: 

EB* ~ EB U = Ekto - Ekki + ̂ Au ~ 0) 
However, equation (3) still contains two unknowns: the work function of the metal and the 
work function of the gold deposit. A multilaboratory study has shown that neither carbon 
nor gold provide a suitable internal standard for catalyst supports (34). Alternatively, the 
binding energy scale has been referenced to a core level of the support metal cation, for 
example, the Si 2p peak of silica. This is no improvement. The work function of a high 
surface area, amorphous catalyst support has never been measured. 
Photoemission from Small Metal Clusters on Insulators 

So far the discussion has focused on large metal particles on insulators. These particles 
exhibit "bulk-like" electronic properties: their valence band is similar to the valence band 
of a 1 cm 2 metal foil. Ultraviolet photoemission studies have shown that the "bulk-like" 
band structure is attained for particles larger than 25-50 angstroms in diameter (35). X-ray 
photoemission from metal clusters smaller than 25 angstroms in diameter is even more 
problematic than for large particles. When clusters are deposited on insulating substrates, 
positive shifts in the metal binding energies are observed with decreasing cluster size. 
These shifts result from a number of competing phenomena (35-41): the charge on the 
cluster during the lifetime of the core hole, the reduced screening of the core hole, the 
decomposition of the valence band, and the rehybridization of the valence orbitals. The 
first two are final state effects, while the latter two are initial state effects. The final state 
cluster charge can dominate the binding energy shift, and extends over a range of sizes 
where the cluster exhibits metallic behavior, i.e., 10 to 25 angstroms (40,41). The insulat
ing support will reduce the magnitude of the cluster charge by forming an opposite image 
charge. The image charge will depend on the cluster-substrate geometry and the polariza-
bility of the substrate (40). 

Recent experiments by Citrin and coworkers (41) have clarified the role of the sup
port in photoemission from small metal clusters. They condensed several monolayers of 
krypton onto either platinum or sodium metal substrates. By varying the thickness of the 
krypton from one to ten monolayers, the surface could be converted from metal to semime-
tal to insulator. The krypton peak position provides a direct measure of the sample 
vacuum level (32). The krypton layers are thin, less than 10 monolayers, so that the 
vacuum level is determined by the metal substrate. Onto the krypton layers, sodium clus
ters were deposited at varying coverages. Shifts in the Kr 4s and Na 2p binding energies 
were recorded relative to the Fermi level of the grounded substrate. 

The results obtained by Citrin and coworkers are shown in Figure 3. For sodium 
clusters on a metal support (wigl M L Kr/Pt, filled circles), the Kr 4s binding energy 
decreases with cluster coverage. This shows that the Fermi levels of the sodium and plati
num equilibrate. As the sodium is added, the work function decreases from the value for 
platinum to the value for a sodium film. Conversely, the Na 2p peak position does not 
shift with cluster coverage. The rapid electron transfer between the sodium and platinum 
prevents any accumulation of charge on the cluster in the photoemission final state (41). 
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218 CHARACTERIZATION AND CATALYST DEVELOPMENT 

COVERAGE OF Na (atoms/cm2) 

Figure 3. The dependence of the K r 4s and Na 2p binding energies on the coverage 
of sodium, the thickness of krypton, and the substrate. (Reproduced with permission 
from Ref. 41. Copyright 1987 The American Physical Society.) 
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20. HICKS Characterization of Supported Metal Catalysts 219 

For sodium deposited on insulating supports (8 M L Kr/Pt, open circles; 6 M L 
Kr/Na, open squares), the Kr 4s peak position does not change with sodium cluster cover
age. Here, the krypton keeps the clusters from transferring charge with the underlying 
metal. Proof that die metal substrate determines the vacuum level is demonstrated by the 
shift in the Kr 4s peak when platinum (open circles) is substituted for sodium (open 
squares). The 2 eV shift is approximately equal to the work function difference between 
platinum and sodium metal. Since the sodium clusters on the insulating krypton are 
aligned with the vacuum level, the Na 2p lines also maintain a constant 2 eV separation for 
the two different substrates used. In this particular experiment, the vacuum level is 
known and we can "correct" the position of the Na 2p line. The increasing Na 2p binding 
energy with decreasing cluster size can be attributed to the positive charge left on the clus
ter in the core ionized final state. 

Semimetal or semiconductor supports were also simulated by depositing 3 mono
layers of krypton on platinum (half filled circles in Figure 3). In this case the results are 
intermediate between metal and insulator. The Kr 4s peak shifts with cluster coverage, 
indicating a decrease in the substrate work function. This occurs because the sodium clus
ters are able to transfer charge with the platinum and are grounded to it as in the case of a 
metal support. At the same time, the Na 2p peak shifts to higher binding energy with 
decreasing cluster size. This indicates that the clusters are charged in the photoemission 
final state as in the case of an insulating support. A n explanation of why the clusters can 
be grounded to the semimetal substrate, but still accumulate a final state cluster charge is 
given in reference 41. 

The significance of these results for catalysts comprised of small metal clusters is 
twofold: (1) The clusters will exhibit large positive binding energy shifts that are simply 
an artifact of the photoemission process, i.e., the charge resulting from the ionized core. 
This final state charge is sensitive to the support composition through its image charge. (2) 
On semiconductor or semimetal supports, the cluster Fermi level may drift towards that of 
the support and spectrometer, creating a partially charged condition for the initial state of 
the system. 

Implications for Metal-Support Interactions 

The results of XPS studies of metal-support interactions (9.10.18.20-25) can be re
examined in light of the analysis presented above. A l l of the binding energy measurements 
made in these studies were referenced to an internal standard. For large metal particles, 
the core level shifts may be explained by any combination of the following: 

a. the binding energy of the metal is affected by a metal-support interaction. 

b. the work function of the metal is affected by a metal-support interaction, or a 
change in the structure of the metal surface. 

c. the work function of the reference material changes. 

d. the conductivity of the support changes. 

For small metal clusters, the core level shifts may be explained by all of the above plus a 
final state effect, i.e., the charge on the ionized cluster. In an XPS experiment, it is impos
sible to distinguish between these different phenomena. Therefore, binding energy shifts, 
or a lack thereof, cannot be taken as evidence for or against an electronic interaction with 
the metal. 
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220 CHARACTERIZATION AND CATALYST DEVELOPMENT 

In spite of this drawback, there is still much to be gained from XPS characteriza
tion of supported metal catalysts. Among these are the interconversion of metal salts into 
oxide and metal during catalyst pretreatment, the identification of poisons, and the distribu
tion of metal within a zeolite or a porous pellet. 
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Chapter 21 

Catalyst Characterization by Infrared 
Spectroscopic Methods 

J . B. Peri 

Department of Chemical Engineering, Northeastern University, 
Boston, M A 02115 

Infrared spectroscopic methods are highly effective 
for characterization of catalyst surfaces. Improved 
understanding resulting from infrared studies has 
contributed s ignif icant ly to catalyst development in 
the past and has the potential for even greater 
future contributions. Improvements i n spectrometers 
and techniques have heightened interest i n infrared 
characterization of catalysts, but possible 
problems, both experimental and theoretical , should 
be recognized. Simplest subjects for routine 
characterization are surface groups, acid s i tes , and 
"strained" bonds. Supported metals, although highly 
important, are usually more difficult to 
characterize. 

Although i n f r a r e d spectroscopy has been wide l y used f o r 
c h a r a c t e r i z a t i o n o f c a t a l y s t s u rfaces f o r over t h i r t y years, many 
reviews (1 -4), books (5-7) and a r t i c l e s a t t e s t t o i t s continued 
p o p u l a r i t y . Past a p p l i c a t i o n s o f t h i s technique i n s t u d i e s o f 
commercially important c a t a l y s t s have i n some in s t a n c e s (e.g. r e f s . 
7»l6) l e d to improved understanding of these c a t a l y s t s which has 
aided c a t a l y s t development o r l e d to b e t t e r pretreatment procedures. 
The prospects f o r important c o n t r i b u t i o n s t o c a t a l y s t development 
from f u t u r e i n f r a r e d s t u d i e s are very b r i g h t . Understanding remains 
im p e r f e c t , however, and f a c t o r s other than s u r f a c e chemistry are 
o f t e n v i t a l l y important i n p r a c t i c a l c a t a l y s t s . Improvements i n 
spectrometers and computer treatment of s p e c t r a l data have i n recent 
years g r e a t l y i n c r e a s e d the convenience and s e n s i t i v i t y o f i n f r a r e d 
c h a r a c t e r i z a t i o n and enhanced i n t e r e s t i n the use o f i n f r a r e d f o r 
r o u t i n e a n a l y t i c a l c h a r a c t e r i z a t i o n o f c a t a l y s t s . I n f r a r e d can, o f 
course, g i v e the same i n f o r m a t i o n on bulk composition o f s o l i d 
c a t a l y s t s as that o b t a i n a b l e f o r other s o l i d s . I t can a l s o be a 
h i g h l y s e n s i t i v e and g e n t l e , n o n - d e s t r u c t i v e technique f o r s u r f a c e 

0097-6156/89/0411-0222$06.00/0 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 223 

c h a r a c t e r i z a t i o n , o c c a s i o n a l l y under r e a c t i o n c o n d i t i o n s . Owing to 
strong absorption of i n f r a r e d by the support, however, t y p i c a l 
transmission i n f r a r e d studies of oxide-supported c a t a l y s t s are 
u s u a l l y l i m i t e d to the region above 1000 cm1, and conducting 
supports, such as carbon, may make i n f r a r e d study i m p r a c t i c a l . 
Raman spectroscopy can provide a d d i t i o n a l information i n favorable 
cases. D i f f u s e - r e f l e c t a n c e , emission, photoacoustic, and other 
r e l a t e d spectroscopic methods a l s o o f f e r p o t e n t i a l advantages, 
p a r t i c u l a r l y i n ease of sample preparation, but transmission methods 
are p r e f e r r e d when they can be used and q u a n t i t a t i v e comparisons are 
sought (2_,_4) . 

Experimental Considerations 

Use of transmission i n f r a r e d ( e i t h e r F o u r i e r transform or 
d i s p e r s i v e ) i n surface studies u s u a l l y imposes s p e c i a l requirements 
on sample preparation. I n f r a r e d i s i n h e r e n t l y a bulk technique, and 
the surface species of i n t e r e s t u s u a l l y represent only a small 
f r a c t i o n of the m a t e r i a l i n the i n f r a r e d beam. Samples must 
normally be f a i r l y t h i c k , to provide s u f f i c i e n t surface, uniform 
thickness, and adequate mechanical strength. High s c a t t e r i n g losses 
with t y p i c a l commercial c a t a l y s t s r e s u l t i n low s i g n a l - t o - n o i s e 
r a t i o s i n spectra. KBr disks or o i l mull techniques cannot be used 
to reduce s c a t t e r i n g losses without modifying the surface and 
rendering i t i n a c c e s s i b l e f o r f u r t h e r adsorption s t u d i e s . S i g n a l 
averaging, or other techniques, can l a r g e l y o f f s e t energy los s e s 
caused by s c a t t e r i n g , but improved methods of preparing t h i n samples 
are s t i l l needed, at present, samples are commonly prepared by the 
"pressed d i s k " method, i n which a powder i s pressed i n a s t a i n l e s s 
s t e e l d i e , without a binder, to produce a s e l f - s u p p o r t i n g disk. 
T y p i c a l "thicknesses" range between 5 and 20 mg/cm2. Thinner disks 
would u s u a l l y be p r e f e r a b l e . Adhesion of samples to the die can be 
troublesome, but use of gold-plated dies can minimize t h i s problem. 
Pressing samples between sheets of paper or p r e c a l c i n i n g before 
p r e s s i n g can sometimes a l s o prove h e l p f u l . Other procedures can be 
used. Spraying a s l u r r y , or d e p o s i t ing a t h i n powder l a y e r , on a 
i n f r a r e d - t r a n s p a r e n t window can provide thinner samples and b e t t e r 
temperature c o n t r o l than the pressed d i s k method (8), but p o t e n t i a l 
problems include i n t e r a c t i o n of the c a t a l y s t with the supporting 
window during high-temperature treatments and non-uniform, 
i r r e p r o d u c i b l e thickness. Samples have a l s o been s u c c e s s f u l l y 
prepared by p r e s s i n g powders i n t o metal screens and i n other ways. 

A s u i t a b l e i n f r a r e d c e l l must be used f o r study of c a t a l y s t 
surfaces under c o n t r o l l e d c o n d i t i o n s . Many c e l l designs have been 
published, but no c e l l design i s i d e a l . C e l l s made of Pyrex and 
fused quartz are usual. A c e l l f o r high-pressure i n f r a r e d study 
must be made of metal, which e n t a i l s p o s s i b l e problems with metal 
contamination. Even when a c e l l does not produce contaminants, 
metals from c a t a l y s t samples can be deposited on c o o l e r portions of 
the c e l l v i a formation of v o l a t i l e oxides, carbonyls, e t c . . These 
metals may again form carbonyls or other v o l a t i l e compounds during 
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224 CHARACTERIZATION AND CATALYST DEVELOPMENT 

subsequent experiments and contaminate l a t e r samples. Blanks must be 
run, and c e l l s must be cleaned o r replaced i f metal contamination i s 
l i k e l y . Sample movement out of the i n f r a r e d beam i s important f o r 
o b t a i n i n g s p e c t r a o f the gas phase o r m a t e r i a l on c e l l windows, but 
re p r o d u c i b l e sample p o s i t i o n i n g i s v i t a l , p a r t i c u l a r l y i n F o u r i e r 
transform i n f r a r e d (FTIR) s t u d i e s . Combination o f i n f r a r e d w i t h 
g r a v i m e t r i c o r other techniques i s d e s i r a b l e , but the added 
complexity of c e l l s p e r m i t t i n g g r a v i m e t r i c measurements has l i m i t e d 
t h e i r use. A major need e x i s t s f o r b e t t e r g a s k e t i n g m a t e r i a l s and 
cements bakeable to at l e a s t 500 C f o r a t t a c h i n g c e l l windows. C e l l s 
can permit c h a r a c t e r i z a t i o n under high-vacuum or hi g h pressure and 
under s t a t i c o r flow c o n d i t i o n s . U l t r a h i g h vacuum i s seldom needed 
i n s t u d i e s of high-area c a t a l y s t s , but t r a c e i m p u r i t i e s i n gases 
used i n flow experiments can l e a d to problems. 

E i t h e r FTIR o r computerized d i s p e r s i v e spectrometers can be 
e f f e c t i v e f o r i n f r a r e d s u r f a c e c h a r a c t e r i z a t i o n . (Even 
noncomputerized d i s p e r s i v e spectrometers are o f t e n s t i l l u s e f u l . ) 
T h e i r r e l a t i v e m e r i t s depend h e a v i l y on the p a r t i c u l a r a p p l i c a t i o n 
and, o f course, on p r a c t i c a l d i f f i c u l t i e s i n o b t a i n i n g economical 
s e r v i c e on "obsolete" instruments. FTIR i s not a panacea. FTIR 
spectrometers g i v e more-accurate frequencies and, i n p r i n c i p l e , 
major advantages i n energy throughput, p e r m i t t i n g f a s t e r r e c o r d i n g 
o f a spectrum, o f major importance i n k i n e t i c s t u d i e s (3»9). Fast 
r e c o r d i n g of a complete spectrum i s seldom needed i n sur f a c e 
c h a r a c t e r i z a t i o n , however. Other f a c t o r s can be more important . 
FTIR i s a s i n g l e beam technique, and an a b i l i t y to a c c u r a t e l y 
s u b t r a c t (or " r a t i o " ) a background can be extremely important i n 
c a t a l y s t s t u d i e s . Problems w i t h " s t r a y l i g h t " , once thought to be 
non-existent w i t h FTIR, have i n some ins t a n c e s been q u i t e s e r i o u s , 
causing a c t u a l i n v e r s i o n o f abso r p t i o n bands i n the OH-stretching 
r e g i o n . Other problems can be caused by a changing background. T h i s 
can be p a r t i c u l a r l y troublesome i n i n - s i t u i n f r a r e d s t u d i e s o f 
c a t a l y t i c r e a c t i o n s . A q u i c k l y - o b t a i n e d spectrum may not be u s e f u l 
i f a changing background must be subtracted before u s e f u l 
i n f o r m a t i o n i s obtained. The problem becomes worse i f many scans 
must be averaged to produce good s p e c t r a . The no i s e l e v e l o f FTIR 
spectrometers i s much worse a t the ends of the spectrum ( i n c l u d i n g 
the important 0-H and C-H s t r e t c h i n g regions) than i n the cent e r , 
and the use of MCT (mercury-cadmium-telluride) l i q u i d - n i t r o g e n -
cooled d e t e c t o r s o r c u t o f f f i l t e r s i s o f t e n e s s e n t i a l f o r s t u d i e s 
above 2500 cm"1. Computer treatment o f s p e c t r a has s i m p l i f i e d 
q u a n t i t a t i v e analyses, but p i t f a l l s e x i s t f o r the unwary i n 
s u b t r a c t i o n o f backgrounds and when d e a l i n g w i t h broadened o r 
s h i f t e d bands. 

Adsorbed molecules have lo n g been used as "probes" to provide 
i n f o r m a t i o n on sur f a c e s i t e s i n adsorpti o n s t u d i e s , but p o t e n t i a l 
problems e x i s t i n the use of such "probes". Pure reagents are 
ob v i o u s l y e s s e n t i a l , but i t i s easy to underestimate p o s s i b l e 
e f f e c t s o f t r a c e contaminants i n probe gases or vapors. A t y p i c a l 
experiment can expose a c a t a l y s t sample to a l a r g e excess o f a 
probe. A f t e r a p p r e c i a b l e contact time, t r a c e i m p u r i t i e s can adsorb 
to a h i g h l y observable extent. Such i m p u r i t i e s i n c l u d e metal 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 225 

c a r b o n y l s , commonly found i n "pure" CO, and water, o f t e n present i n 
p y r i d i n e and other n i t r o g e n bases. Problems w i t h t r a c e i m p u r i t i e s 
have become more s e r i o u s as the s e n s i t i v i t y o f i n f r a r e d 
c h a r a c t e r i z a t i o n has increased. 

Pretreatment i s extremely important i n determining s u r f a c e 
chemistry. Samples must be c a r e f u l l y prepared, d r i e d , o x i d i z e d , 
reduced, and kept i n the d e s i r e d f i n a l s t a t e u n t i l admission o f 
probe molecules and r e c o r d i n g o f s p e c t r a . Seemingly minor 
d i f f e r e n c e s i n p r e p a r a t i o n or pretreatment can produce major 
d i f f e r e n c e s i n the surface chemistry of many c a t a l y s t s . Adsorbable 
i m p u r i t i e s i n conventional h i g h vacuum systems do not u s u a l l y 
s e r i o u s l y contaminate t y p i c a l high-area c a t a l y s t samples. I f , 
however, samples stand f o r many hours s i g n i f i c a n t changes can o f t e n 
be observed, p a r t i c u l a r l y w i t h reduced supported metals. 

T y p i c a l Important A p p l i c a t i o n s 

C h a r a c t e r i z a t i o n of Surface Groups on Supports and C a t a l y s t s . 
Surface groups, such as -OH, -NH2, C0 3

=, e t c . , which g i v e bands i n an 
a c c e s s i b l e s p e c t r a l r e g i o n are u s u a l l y r e a d i l y d e t e c t a b l e and 
i d e n t i f i a b l e . Pretreatment may merely c o n s i s t o f evacuation a t 
d e s i r e d temperatures (using a l i q u i d - n i t r o g e n - c o o l e d t r a p to remove 
desorbed water). Deconvolution and d e t a i l e d i n t e r p r e t a t i o n o f 
s p e c t r a can present major problems, however. 

As i l l u s t r a t e d i n Figure 1, many bands can appear i n hyd r o x y l 
s p e c t r a o f z e o l i t e s and other c a t a l y s t s . Deconvolution can be aided 
by p r o g r e s s i v e d r y i n g and s e l e c t i v e exchange of hyd r o x y l groups w i t h 
deuterated compounds. Broad u n d e r l y i n g bands can complicate 
deconvolution and l e a d to erroneous conclusions as to r e l a t i v e r a t e s 
o f disappearance of d i f f e r e n t types o f hyd r o x y l groups. Even a f t e r 
s a t i s f a c t o r y deconvolution, determining the nature and o r i g i n o f the 
d i f f e r e n t types o f hydroxyl groups r e s p o n s i b l e f o r the bands u s u a l l y 
s t i l l poses problems. 

C h a r a c t e r i z a t i o n o f Surface A c i d S i t e s . C h a r a c t e r i z a t i o n o f surfa c e 
a c i d i t y was one of the f i r s t s u c c e s s f u l a p p l i c a t i o n s o f i n f r a r e d i n 
c a t a l y s t s t u d i e s ( 1 ) . C a t a l y s t a c i d i t y i s t y p i c a l l y a f u n c t i o n o f 
su r f a c e h y d r a t i o n , and water i s r e l a t i v e l y easy to remove. 
Desorption o f water o f t e n converts Bronsted to Lewis a c i d s , and 
re a d s o r p t i o n o f water can r e s t o r e Bronsted a c i d i t y . Probe molecules, 
such as ammonia, p y r i d i n e , e t c . , are used to evaluate Bronsted and 
Lewis a c i d i t y . These compounds may c o n t a i n water as an i m p u r i t y , 
however. Water produced by r e d u c t i o n of metal oxides can a l s o be 
readsorbed on a c i d s i t e s . Probe molecules can i n some cases r e a c t on 
su r f a c e a c i d s i t e s , g i v i n g m i s l e a d i n g i n f o r m a t i o n on the nature o f 
the o r i g i n a l s i t e . A c i d i t y , and a c c e s s i b i l i t y , o f hydroxyl groups or 
adsorbed water on z e o l i t e s and a c i d i c oxides can vary w i d e l y . Study 
of adsorbed n i t r o g e n bases i s very u s e f u l i n c h a r a c t e r i z a t i o n o f 
su r f a c e a c i d s i t e s , but p o t e n t i a l problems i n the use of these 
probes should be kept i n mind. 

Fi g u r e 2A shows hydroxyl s p e c t r a ( a f t e r background s u b t r a c t i o n ) 
t y p i c a l o f h i g h l y - d r i e d ZSM-5 z e o l i t e . The a c i d i t i e s o f the 
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226 CHARACTERIZATION AND CATALYST DEVELOPMENT 

F i g u r e 1. Hydroxyl and Deuteroxyl bands f o r a "US-Y" z e o l i t e . 
A. US Sieve steamed 65 hr at 500 C and d r i e d i n vacuum at 500 
C. B.- A. a f t e r exchange w i t h D20 and r e d r y i n g a t 500 C. 

3800 3700 3600 3500 3050 2950 2850 2750 

Wavenumber (cm ~ 1 

F i g u r e 2. A. Hydroxyl bands on a ZSM-5 z e o l i t e (1.352 A l a 0 3 ) . 
P r e d r i e d : a. 700 C, l h r . ; b. 700 C, 2 h r . ; c. 800 C, 1.5 h r . ; 
d. 800 C, 3 h r . 
B. O H bands produced a f t e r 1 h r . contact w i t h ethylene (2 
Torr) f o l l o w i n g s p e c t r a o f A. 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 227 

h y d r o x y l groups r e s p o n s i b l e f o r the two bands seen have been shown 
to be q u i t e d i f f e r e n t by a d s o r p t i o n o f ammonia, p y r i d i n e , o r other 
bases. Changes i n the r e l a t i v e numbers of these groups on f u r t h e r 
dehydration can a l s o be evaluated r a t h e r e a s i l y . As d e s c r i b e d 
elsewhere (1 , 4 -7 ), formation of ammonium o r p y r i d i n i u m i o n s g i v e s 
bands i n the 1400-1600 cm"1 r e g i o n which permit assessment o f 
Bronsted a c i d i t y . The p roduction of such bands i s u s u a l l y 
accompanied by disappearance o f a band or bands i n the h y d r o x y l -
s t r e t c h i n g r e g i o n . Although not shown i n F i g u r e 2, a d s o r p t i o n o f 
ammonia would s e l e c t i v e l y e l i m i n a t e the band near 3605 cm"1 and 
produce a band near 1470 cm"1 a r i s i n g from ammonium i o n s . The 3605 
cm"1 band e v i d e n t l y a r i s e s from hydroxyl groups which are s t r o n g 
Bronsted a c i d s . 

F i g u r e 2B shows C-H s t r e t c h i n g bands r e p r e s e n t i n g oligomer 
produced on the same c a t a l y s t , d r i e d as i n F i g u r e 2A, a f t e r 1 hour 
contact w i t h ethylene at 50 C. The amount of oligomer produced 
i n c r e a s e d as the a c i d i c hydroxyl band decreased, suggesting that 
o l i g o m e r i z a t i o n r e q u i r e d Lewis r a t h e r than Bronsted a c i d s . 
Adsorption o f ammonia or p y r i d i n e a l s o provides i n f o r m a t i o n on Lewis 
a c i d s , but these probes tend to adsorb u n s e l e c t i v e l y on f a r more 
s i t e s than appear c a t a l y t i c a l l y important. 
Adsorption o f CO or C0 2 i s o f t e n more u s e f u l i n i d e n t i f y i n g 
important Lewis a c i d s i t e s . 

F i g u r e 3 shows FTIR s p e c t r a obtained f o r C0 2 adsorbed on Na-Y 
and Na-H Y z e o l i t e s . The band near 2355 cm"1 apparently r e s u l t s from 
a d s o r p t i o n on Na + i o n s , w h i l e t h a t a t 2370 shows a d s o r p t i o n on 
exposed A l i o n -oxide i o n s i t e s where both c a t i o n and anion are 
c o o r d i n a t i v e l y unsaturated. S i m i l a r s i t e s can be seen on many other 
z e o l i t e s and on h i g h l y d r i e d amorphous s i l i c a - a l u m i n a . 

F i g u r e 4 shows that s i m i l a r A l i o n s i t e s can be produced on a 
ZSM-5 z e o l i t e by high-temperature d r y i n g and t h a t a c t i v i t y f o r 
ethylene o l i g o m e r i z a t i o n accompanies formation o f such s i t e s . These 
s i t e s are e v i d e n t l y created on z e o l i t e s by removal o f A l from the 
c r y s t a l l i n e framework at h i g h temperatures, l e a d i n g to the exposure 
of A l i o n s , p o s s i b l y as A10 +, o u t s i d e the framework. 

Although no o l i g o m e r i z a t i o n was seen on the o r i g i n a l Bronsted 
a c i d i c ZSM-5, and o l i g o m e r i z a t i o n a c t i v i t y i n c r e a s e d as the c a t a l y s t 
was p r o g r e s s i v e l y d r i e d , subsequent r e a d d i t i o n o f water, which 
e n t i r e l y removed the s i t e s which h e l d C0 2, d i d not e l i m i n a t e , but 
i n s t e a d somewhat increased t h i s a c t i v i t y . 

F i g u r e 5 shows (on ZSM-5 completely exchanged w i t h deuterium 
oxide and d r i e d at 800 C) t h a t r e a d d i t i o n of water (D 20) gave two 
new bands, p o s s i b l y a r i s i n g from h y d r a t i o n o f A10 + i o n s to form 
A1(0D) 2

+ i o n s . This suggests th a t e i t h e r hydrated o r anhydrous 
complex A l c a t i o n s , h e l d o u t s i d e the z e o l i t i c framework can be 
a c t i v e f o r ethylene o l i g o m e r i z a t i o n . 

S t r a i n e d Bonds on Oxides and Z e o l i t e s . Many dry oxides and 
s i l i c a t e s , i n c l u d i n g z e o l i t e s , c o n t a i n oxide l i n k a g e s which are 
h i g h l y " s t r a i n e d " . Such s t r a i n can be r e l i e v e d by chemisorption of 
water, ammonia, methanol, e t c . , which opens s t r a i n e d l i n k a g e s by 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

F i g u r e 3 . S p e c t r a o f C0 2 on Na-Y and H-Na Y z e o l i t e s , a. Na-Y 
d r i e d a t 500 C; b. H-Na Y d r i e d a t 300 C; c. H-Na Y d r i e d a t 
500 C; d. H-Na Y d r i e d a t 700 C. 

2450 2400 2350 2300 3050 2950 2850 
Wavenumber (cm - 1 ) 

F i g u r e 4 . Spectra o f C0 2 and of oligomer subsequently formed 
on ZSM-5 (1.352 A1 20 3) a f t e r 1 hr contact w i t h ethylene (2 
T o r r ) . D r i e d : a. 500 C; b. 600 C; c. 800C; d. 800 C, 3 h r . 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 229 

h y d r o l y s i s , ammonolysis, methanolysis, e t c . . Spectra obtained before 
and a f t e r a d s o r p t i o n of methanol on h i g h - s i l i c a molecular s i e v e s 
p r e d r i e d at 500 C show, w i t h computer s u b t r a c t i o n , t h a t although 
some methoxy groups are attached by replacement o f OH groups, many 
others are attached by methanolysis of s t r a i n e d s i l o x a n e l i n k a g e s . 
S i m i l a r chemisorption of other molecules can a l s o be demonstrated. 

Fi g u r e 6 presents s p e c t r a o f methanol adsorbed on s i l i c a l i t e 
(13 ppm A l ) p r e d r i e d at 500 and 700 C. The background has i n a l l 
cases been su b t r a c t e d . Although on 500 C-predried s i l i c a l i t e some 
methanol was attached by replacement o f e x i s t i n g OH groups w i t h 
methoxy groups (as shown by the negative OH bands), more methanol 
was apparently attached by methanolysis o f s t r a i n e d s i l o x a n e bonds, 
forming methoxy (bands between 2800 and 3000 cm"1) and new h y d r o x y l 
(3^00 cm'1) groups. On 700 C-predried S i l i c a l i t e n e a r l y a l l the 
methanol was chemisorbed by methanolysis o f s i l o x a n e bonds. 

C h a r a c t e r i z a t i o n o f Metal S i t e s on Supported Metal C a t a l y s t s . 
C h a r a c t e r i z a t i o n o f supported metals i s u s u a l l y more d i f f i c u l t . 
Considerable v a r i a t i o n can f r e q u e n t l y be found i n the s t a t e o f the 
reduced metal as a r e s u l t o f apparently minor d i f f e r e n c e s i n 
pretreatment, i m p u r i t i e s i n the support, o r r e s i d u a l water o r other 
contaminants. The problem i s most severe w i t h r e a d i l y o x i d i z a b l e 
metals. N i (10) , Mo (11) , Re (12) and other metals can a l l show 
major v a r i a t i o n s depending on sample pretreatment and r e d u c t i o n 
procedures. Even i n the case o f platinum group metals many 
com p l i c a t i o n s e x i s t . The frequencies of bands observed when CO i s 
adsorbed i n a given manner (e.g. " l i n e a r " o r "bridged") can s h i f t by 
up to 100 cm"1 w i t h coverage by CO o r between d i f f e r e n t samples. 
Th i s r e s u l t s i n l a r g e p a r t from d i p o l e - d i p o l e i n t e r a c t i o n s between 
neighboring adsorbed CO molecules (13-1*0, but changes i n the types 
o f s i t e s a v a i l a b l e f o r CO a d s o r p t i o n on one or more exposed c r y s t a l 
faces or e l e c t r o n i c m o d i f i c a t i o n of the s i t e s remaining as a r e s u l t 
o f i n i t i a l a d s o r p t i o n of a p a r t i a l monolayer may a l s o l e a d to 
frequency s h i f t s . Supported metals can be i n f l u e n c e d by neighboring 
c a t i o n s or anions, which cause changes i n the e l e c t r o n i c nature o f 
exposed metal atoms and i n the frequencies of CO o r other molecules 
adsorbed on these atoms. Such e l e c t r o n i c support e f f e c t s should 
o n l y become s i g n i f i c a n t f o r very h i g h l y d i s p e r s e d metals, however. 
Even very s m a l l c r y s t a l s o f c l e a n supported metals probably d i f f e r 
l i t t l e from l a r g e c r y s t a l s i n t h e i r e l e c t r o n i c p r o p e r t i e s except 
i n s o f a r as s i z e i n f l u e n c e s face exposure and edge and corner atom 
abundance. Spectra apparently showing e f f e c t s o f P t c r y s t a l s i z e on 
the frequency o f adsorbed NO have been p u b l i s h e d (1^). Despite much 
work, doubt s t i l l e x i s t s on the proper i n t e r p r e t a t i o n o f s h i f t s seen 
i n the frequencies o f adsorbed CO and NO on supported metals. T h i s 
s i t u a t i o n a r i s e s p a r t l y because d i f f e r e n t i n v e s t i g a t o r s have looked 
at samples d i f f e r i n g i n metal l o a d i n g , p r e p a r a t i o n , pretreatment, 
and c l e a n l i n e s s . Use of the most e f f e c t i v e techniques a v a i l a b l e 
cannot l e a d to agreement when d i f f e r e n t i n v e s t i g a t o r s look 
at d i f f e r e n t s u r f a c e s . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
02

1



230 CHARACTERIZATION AND CATALYST DEVELOPMENT 

.10 

(OH band 
frequencies 
corresponding to 
OD bands are 
given in 
parenthesis.) 

2800 2750 2700 2650 2600 
Wavenumber (cm - 1) 

F i g u r e 5» E f f e c t s o f r e h y d r a t i o n (with deuterium oxide) on 
deut e r o x y l bands of ZSM-5 (1.352 A1 20 3 ) . Pretreatment: a. 
Dri e d a t 800 C; b. Rehydrated w i t h D20 and d r i e d a t 300 C 
f o l l o w i n g a. 

Fig u r e 6. S p e c t r a of methanol chemisorbed on S i l i c a l i t e ( a f t e r 
s u b t r a c t i o n o f o r i g i n a l background). 
S i l i c a l i t e p r e d r i e d at A: 500C; B: 700 C. Spectr a 
shown are a f t e r a d s o r p t i o n o f excess methanol and 
des o r p t i o n at a., 150 C; b., 300 C; c , 400 C. 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 231 

F i g u r e 7 i l l u s t r a t e s the marked v a r i a t i o n s observed i n s p e c t r a of 
NO adsorbed on 1% I r / p u r e gamma-alumina reduced by three d i f f e r e n t 
methods. Reduction i n s t a t i c hydrogen e v i d e n t l y l e f t more unreduced 
I r (as i n d i c a t e d by the band a t 1895 cm"1) than d i d r e d u c t i o n i n 
f l o w i n g hydrogen, although r e d u c t i o n at 700 C was f a i r l y e f f e c t i v e 
even i n s t a t i c hydrogen. The r e d u c t i o n at 300-500 C i n f l o w i n g 
hydrogen may have produced a m o r e - c r y s t a l l i n e i r i d i u m , however, 
because the NO band frequency (1805) i s s u b s t a n t i a l l y lower than 
t h a t seen on the c a t a l y s t reduced at 700 C. 

In the case o f alumina supported rhenium (12), the nature o f 
the supported metal a l s o seems h i g h l y dependent on pretreatment o f 
the c a t a l y s t . I n c r e a s i n g the p r e c a l c i n a t i o n temperature from 500 to 
700 C, e v i d e n t l y i n c reased the amount o f exposed, f u l l y reduced Re 
shown subsequently ( a f t e r r e d u c t i o n i n hydrogen a t 500 C) by 
a d s o r p t i o n o f CO. A d d i t i o n a l types of reduced Re a d s o r p t i o n s i t e s 
were a l s o apparently present on the sample p r e c a l c i n e d a t 700 C. 

As shown i n Figure 8, pretreatment o f Re/alumina w i t h dimethyl 
s u l f i d e p r i o r to r e d u c t i o n can e l i m i n a t e a t l e a s t one o f the two 
c h a r a c t e r i s t i c bands t y p i c a l l y seen f o r NO adsorbed on u n s u l f i d e d 
samples. The e l i m i n a t i o n of the s i t e s r e p o n s i b l e f o r t h i s band 
appears to c o r r e l a t e w i t h the e l i m i n a t i o n o f the e x c e s s i v e 
hydogenolysis a c t i v i t y shown by u n s u l f i d e d f r e s h Pt-Re/alumina 
c a t a l y s t s . The probable nature of the s i t e s r e s p o n s i b l e f o r the two 
NO bands has been discussed elsewhere (16). I t i s l i k e l y t h a t the 
band a t the h i g h e r frequency a r i s e s from NO on exposed Re i o n s . 
Regardless of the o r i g i n of the two bands, however, some of the 
exposed Re atoms have c l e a r l y been r a t h e r permanently a l t e r e d by 
s u l f i d i n g , w i t h important c a t a l y t i c consequences. 

A wealth o f d e t a i l e d evidence on the nature of supported metals 
can r e a d i l y be obtained from i n f r a r e d c h a r a c t e r i z a t i o n s t u d i e s , but 
c o r r e c t i n t e r p r e t a t i o n of much of t h i s evidence i s s t i l l f a r from 
c l e a r . The s u r f a c e chemistry of supported metals i s g e n e r a l l y very 
complex, and a s s e r t i o n s as to the o r i g i n s of v a r i o u s band s h i f t s and 
the exact nature of a d s o r p t i o n s i t e s should be taken w i t h some 
c a u t i o n at present. C l e a r l y , however, b e t t e r understanding of the 
complex nature of supported metal c a t a l y s t s should c o n t r i b u t e 
g r e a t l y to the development of more e f f i c i e n t c a t a l y s t s f o r many 
important i n d u s t r i a l processes and to more e f f i c i e n t pretreatment 
and regeneration procedures. 

Conclusions and Future Prospects 

The r o l e of i n f r a r e d s p e c t r o s c o p i c c h a r a c t e r i z a t i o n of c a t a l y s t s 
should become i n c r e a s i n g l y important i n c a t a l y s t development, but 
present problems, both experimental and t h e o r e t i c a l must be 
recognized and overcome before r e l i a b l e i n f o r m a t i o n can be r o u t i n e l y 
obtained u s i n g i n f r a r e d methods. Techniques and understanding w i l l 
improve as more i n f o r m a t i o n becomes a v a i l a b l e , but d e t a i l e d 
i n t e r p r e t a t i o n of s p e c t r a w i l l continue to present problems f o r some 
time. P a r t i a l i n t e r p r e t a t i o n and " f i n g e r p r i n t i n g " can s t i l l be 
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232 CHARACTERIZATION AND CATALYST DEVELOPMENT 

O' 1 1 1 1 L 1 1 1 1 I 1 1 1 

1900 1700 1900 1700 1900 1700 

WAVENUMBER (CM~1> 

F i g u r e 7« S p e c t r a o f NO adsorbed on 1% I r / p u r e gamma-alumina 
prereduced u s i n g three d i f f e r e n t procedures. Dashed s p e c t r a — 
background a f t e r r e d u c t i o n ; s o l i d — a f t e r a d d i t i o n o f NO; dot-
dash — a f t e r 5 min. evacuation. 

0 I i i 1 1 1 • 1 1 

2000 1800 1600 1400 1200 
WAVENUMBER (CM*) 

F i g u r e 8. E f f e c t o f s u l f i d e treatment on i n f r a r e d bands o f NO 
adsorbed on reduced 0.62 Re/alumina. 
a., NO added a f t e r p r e r e d u c t i o n a t 500 C; b., NO added a f t e r 
exposure to dimethyl s u l f i d e , h e a t i n g i n oxygen, and r e d u c t i o n 
a t 500 C; c. NO readded a f t e r r e d u c t i o n a t 600 C f o l l o w i n g the 
above. 
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21. PERI Catalyst Characterization by IR Spectroscopic Methods 233 

h i g h l y u s e f u l at present i n c a t a l y s t development, q u a l i t y c o n t r o l or 
patent matters, however. 
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Chapter 22 

Light-Off Temperature Determination 
of Oxidation Catalyst Using Fourier 

Transform IR Technique 

Chen C. Hsu 

U.S. Army Chemical Research, Development, and Engineering Center, 
Aberdeen Proving Ground, M D 21010-5423 

Light-off temperatures of oxidation catalysts are considered 
as one of the important parameters for catalyst performance 
evaluation. In this study, the in-situ FTIR technique was 
developed and used to determine the light-off temperatures 
and reaction products of three three-way automotive catalysts 
with 20 torr monomethylamine in air at 0.5 1/min flow rate. 
Light-off temperatures were found to be 140, 143, and 170°C 
for Davison, Allied-Signal, and Degussa oxidation catalysts, 
respectively. CO, CO2, H20, and nitric acid were found to be 
the major oxidation products. The activation energies of 
formation of CO and CO2 on the catalysts were also 
determined. 

There are various techniques to evaluate the performance of oxidation 
catalysts. Measurements of surface composition, surface structure, surface 
area, porosity, a c i d i t y , and dispersion of active metals of oxidation 
catalysts, etc., can be related to the catalyst performance (1). Other 
methods such as the decoloration of the indigo carmine solution to 
correlate the c a t a l y t i c a c t i v i t y with the f l a s h point (2) and the recorder-
equipped calorimeter technique to determine the i g n i t i o n time, maximum 
temperature and maximum combustion temperature (3) were used. For an 
oxidation catalyst, however, one direct measurement of i t s performance i s 
to determine i t s l i g h t - o f f temperature, the temperature at which 
s i g n i f i c a n t oxidation reactions occur. In general, i t i s true that the 
lower the l i g h t - o f f temperature, the more effective w i l l be the catalyst 
performance (4-5). Indeed, t h i s correlation was used i n the past to select 
the optimum reduction temperature and the duration of reduction f or the 
preparation of the best Ni-containing catalyst (6) . We have developed an 
i n - s i t u FTIR technique for simultaneously determining the l i g h t - o f f 
temperatures and ide n t i f y i n g c a t a l y t i c oxidation products of oxidation 
catalysts. Using th i s newly developed technique, three three-way 
automotive catalysts were evaluated. The det a i l s of the subject technique 
and the results of catalyst performance evaluation are described below. 

This chapter not subject to U.S. copyright 
Published 1989 American Chemical Society 
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22. HSU Light-Off Temperature Determination 235 

Experimental 

Anhydrous monomethylamine (MMA) used i n t h i s study was supplied by Matheson 
Gas Products with a purity of 99.99%. MMA was used as received without 
further p u r i f i c a t i o n . Three three-way automotive oxidation catalysts were 
provided by A l l i e d - S i g n a l (UOP# 4576-136), Davison (alumina catalysts code 
701), and Degussa (TWC-1, MS-599) . Bead-type catalyst samples were dried 
inside an oven at 110°C overnight before use. The schematic diagram of 
the i n - s i t u FTIR catalyst l i g h t - o f f temperature measurement system i s shown 
i n Figure 1. The measurement system consists of a flow IR c e l l , a K-type 
thermocouple with a chart recorder and d i g i t a l thermometer display, a mass 
flow co n t r o l l e r , a lecture b o t t l e of MMA, an MKS pressure gauge, and 
Nicolet FTIR Model 60SX. The de t a i l s of the flow IR c e l l are i l l u s t r a t e d 
i n Figure 2. This flow IR c e l l has 10 cm o p t i c a l pathlength and 25x4 mm 
NaCl window, the heating element and sample holder, the gas i n l e t and 
outlet, and the thermocouple. The thermocouple i s positioned i n the 
proximity of the sample to measure the temperature of an oxidation 
reaction. For accurate determination of the l i g h t - o f f temperature of a 
catalyst, a chart recorder was used along with a d i g i t a l thermometer 
display. I n i t i a l l y , a correlation between the temperature setting on the 
heater con t r o l l e r and the temperature reading on the d i g i t a l thermocouple 
display was obtained. I t was found that the temperature reading on the 
d i g i t a l thermometer was about 30 to 40% of the temperature setting on the 
heater controller. To run an experiment, the IR background spectra were 
taken at various temperatures with the flow IR c e l l purged with dried a i r 
at 0.5 1/min flow rate which was automatically controlled by an Matheson 
mass flow controller. I t i s to be noted that the dried a i r was not 
preheated before purging the IR c e l l . Background spectra were taken i n the 
mixture of dried a i r and 20 t o r r MMA i n the absence of catalyst. The 
background spectra e s s e n t i a l l y remain the same i n the temperature range 
of 25-363°C, indicative of no c a t a l y t i c a c t i v i t y due to the heating 
element. For catalyst evaluation, three catalyst beads were placed on the 
sample holder (the heating element with a V-shape) and the thermocouple was 
positioned i n the proximity of catalyst beads. After the l i g h t -
o f f temperature measurement system was assembled, the flow IR c e l l was 
evacuated with a vacuum pump and MMA was injected and maintained at 20 
to r r . The system was disconnected with the vacuum pump and the IR c e l l 
was brought to ambient pressure with compressed a i r at 0.5 1/min flow rate. 
The heater con t r o l l e r was set at around 200°C (equivalent to the 
thermocouple reading of 80°C) and the setting was increased at ten degrees 
increment every 15-20 minutes. During th i s period of time, an IR spectrum 
was taken i n the range between 4000 and 400 cm"-*- with 4 cm"l resolution. 
Normally, 32 scans were taken for each IR spectrum at every temperature 
setting. Significant oxidation reaction was detected around 140°C 
thermocouple reading on the d i g i t a l thermometer display. The determination 
of l i g h t - o f f temperature was carried out using the chart of the temperature 
recorder. The l i g h t - o f f temperatures were found reproducible with repeated 
on and o f f cycles of MMA. These procedures described above were used for 
three three-way automotive oxidation catalysts provided by Davison, A l l i e d -
Signal, and Degussa. 

Results and Discussion 

Typical IR spectra at various temperatures are i l l u s t r a t e d i n Figures 3-5 
with Davison three-way catalyst samples. At 94°C, the IR features are 
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236 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 1. I n - s i t u FTIR catalyst l i g h t - o f f temperature measurement system. 
1. compressed a i r ; 2. mass flow controller; 3. gas lecture b o t t l e ; 4. 
MKS pressure gauge; 5. exhaust; 6. IR c e l l ; 7. IR window; 8. catalyst 
sample; 9. thermocouple; 10. sample compartment of Nicolet FTIR Model 
60SX; 11. chart recorder; 12. d i g i t a l thermometer display. 

I 1 

isodoo/i 

f — f t 

Figure 2. Schematic diagram of the flow IR c e l l . 1. gas i n l e t ; 2. gas 
outlet; 3. IR window; 4. thermocouple; 5. catalyst sample; 6. e l e c t r i c a l 
leads for heating; 7. heating element and sample holder; 8. IR beam. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
02

2



22. HSU Light-Off Temperature Determination 237 
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'tOO 

Figure 3. IR spectrum of MMA with Davison catalyst at 94°C. 

u 
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Figure 4. IR spectrum of MMA with Davison catalyst at 190°C. 
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CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 5. IR spectrum of MMA with Davison catalyst at 261°C. 
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22. HSU Light-Off Temperature Determination 239 

very much the same as MMA as shown i n Figure 3. When the temperature was 
increased to 190°C as shown i n Figure 4, peaks around 2154 and 2351 cm"l 
respectively corresponding to CO and CO2, and peaks around 1540 and 3770 
cm"-'- corresponding to ĥ O grow substantially. As the temperature reaches 
to 261°C, the formation of HNO3 and the effect of water on n i t r i c acid (7-
9) corresponding to the bands centered around 2964, 1700, 1320, 760 c n f l 
appear to be the major reaction products, Figure 5. For each sample, at 
least three experiments were conducted and the l i g h t - o f f temperatures were 
determined using the charts from the temperature recorder. The average 
l i g h t - o f f temperatures for three three-way automotive catalysts are shown 
i n Table 1. In the increasing l i g h t - o f f temperature, the order i s Davison, 
A l l i e d - S i g n a l , and Degussa catalysts. For Davison and A l l i e d - S i g n a l 

Table 1. Light-Off Temperatures of Three-Way Automotive Catalysts 

Davison 140°C ± 5% 
All i e d - S i g n a l 143°C ±3.5% 

Degussa 170°C ±2.3% 

samples, the light-off temperatures are very close to each other. However, 
for Degussa sample, the l i g h t - o f f temperature i s about 30°C higher than 
that of Davison and Allied-Signal. The absorbance of CO and CO2 were taken 
from the IR sp e c t r a at various temperatures from which Arrhenius p l o t s 
were obtained as shown i n Figures 6-7. The activation energies of formation 
of CO and CO2 were found using the relation of slope = - Ea/R, where E a i s 
the a c t i v a t i o n energy and R i s the i d e a l gas constant which i s equal to 
1.987 cal/mol/K. Table 2 shows the activation energies of formation of 
CO and CO2 for three three-way automotive catalysts. In general, the a c t i -

Table 2. Activation Energy of Formation, Kcal/mol 

co 2 CO 

Davison 2.29 6.41 
All i e d - S i g n a l 2.68 12.07 

Degussa 5.76 21.60 

vation energy of formation of CO2 i s lower than th a t of CO c o n s i s t e n t with 
the fact that the free energy of formation of CO2 i s lower than th a t of CO. 
I t i s to be noted that the lower the light-off temperature, the lower w i l l 
be the activation energy of formation f o r both CO and CO2 from the three-
way automotive c a t a l y s t s i n v e s t i g a t e d . I t was also observed t h a t the 
c o n d e n s a t i o n of w a t e r and n i t r i c a c i d i n s i d e the IR c e l l during the 
catalytic oxidation of MMA may be attributed to the s c a t t e r i n g of the data 
points i n Figures 6-7. 
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HSU Light-Off Temperature Determination 241 

Figure 7. Arrhenius p l o t of on Davison oxidation catalyst. 
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242 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Summary 

The results can be summarized as follows. 
1. In-situ FTIR technique was developed and demonstrated f o r the l i g h t - o f f 

temperature determination and the i d e n t i f i c a t i o n of r e a c t i o n products 
of oxidation c a t a l y s t s . 

2. L i g h t - o f f temperatures w i t h 20 t o r r MMA f o r Davison, A l l i e d - S i g n a l , 
and Degussa three-way automotive catalysts were determined to be 140, 
143, and 170°C i n a i r with 0.5 1/min flow ra t e , r e s p e c t i v e l y . 

3. The r e a c t i o n products were i d e n t i f i e d to be CO, CO2, t^O, and HNO3 
for three three-way automotive ca t a l y s t s . 

4. The a c t i v a t i o n energies of formation f o r CO and CO2 on three three-
way catalysts were determined. For CO, they are 6.41, 12.07, and 21.60 
Kcal/mol; and f o r C0 2, t h e y are 2.29, 2.68, and 5.76 Kcal/mol, f o r 
Davison, A l l i e d - S i g n a l , and Degussa three-way automotive c a t a l y s t s , 
respectively. 
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Chapter 23 

Temperature-Programmed Desorption Study 
of CO on Pt-Reforming Catalysts 

R. L . Mieville and M. G. Reichmann1 

Amoco Oil Company, Amoco Research Center, Naperville, IL 60566 

The characterization technique of CO Temperature-
Programmed Desorption has been studied with Pt reform
ing catalysts. C r i t i c a l factors i n the experimental 
procedure and the catalyst pretreatment conditions were 
examined. The CO desorption spectrum consists mainly 
of two peaks which are probably combinations of other 
peaks and the result of various binding energy states 
of CO to Pt. These in turn could be due either to the 
interaction between Pt and the alumina support or the 
results of high and low coordination sites on the Pt 
crystallites. No significant relationship between the 
character of the CO desorption profile and the activity 
of commercial catalysts was observed. 

The r o u t i n e c h a r a c t e r i z a t i o n of Pt reforming c a t a l y s t s has depended 
mainly on the techniques of X-ray d i f f r a c t i o n and CO and 
chemisorption f o r the s t a t e of the P t , and N^ BET surface area 
measurements f o r the support. Although these techniques can s i g n a l 
gross changes i n the performance of the c a t a l y s t , instances occur 
when decreases i n a c t i v i t y and s e l e c t i v i t y are not r e f l e c t e d i n 
measurements made by the above methods. E v i d e n t l y a more d e t a i l e d 
a n a l y s i s of Pt i s r e q u i r e d . In theory t h i s could be provided by a 
CO TPD method, but as yet no r e l a t i o n s h i p between c a t a l y s t perform
ance and the CO desorption spectrum has been e s t a b l i s h e d . In f a c t , 
the l i t e r a t u r e i s s u r p r i s i n g l y sparse on CO TPD st u d i e s of supported 
P t . P a r t l y t h i s may be due to the r e a l i z a t i o n that the desorption 
process from porous c a t a l y s t s occurs p r i m a r i l y under e q u i l i b r i u m 
c o n d i t i o n s ( 1 ) . Also the v a r i e t y of CO p r o f i l e s reported suggest 
that experimental procedures may be d i f f i c u l t to reproduce (2-7). 
In order to overcome some p o t e n t i a l experimental problems, s p e c i a l 
care was taken to to e l i m i n a t e contamination. The r e s u l t s of t h i s 
and other i n v e s t i g a t i o n s are presented i n t h i s paper. 

1Current address: Amoco Chemicals, Naperville, IL 60566 

0097-6156/89/0411-0243$06.00/0 
© 1989 American Chemical Society 
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244 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Experimental 

The TPD apparatus c o n s i s t e d of a s t a i n l e s s s t e e l flow system 
connected to a thermal c o n d u c t i v i t y c e l l . C a t a l y s t samples of 0.1 g 
were placed i n one arm of an L-shaped, 6 mm Vycor tube. A dual 
adsorp t i o n bed c o n t a i n i n g alumina and Oxy-Trap ( A l l t e c h ) was placed 
i n the other arm to prevent contamination by water and 0^» respec
t i v e l y . Frequent regeneration i n H 2 and He was r e q u i r e d . This 
i n - s i t u a d s o r p t i o n bed was found necessary d e s p i t e p u r i f i c a t i o n traps 
on a l l gas l i n e s coming i n t o the flow system. Pulses of 0.25 cc of a 
10% mixture of CO i n He were i n j e c t e d i n t o the He c a r r i e r gas and 
passed over the p r e t r e a t e d c a t a l y s t at room temperature. A l l runs 
were programmed heated at a r a t e of 20 K min . The Pt c a t a l y s t s , 
e i t h e r commercial or l a b o r a t o r y produced, were prepared by the 
impregnation of c h l o r o p l a t i n i c a c i d on Cyanamid's Aero 1000 alumina, 
except f o r two c a t a l y s t s which were prepared by platinum diamino 
d i n i t r i t e impregnation. 

Resu l t s and D i s c u s s i o n 

Some p r e l i m i n a r y runs were made on the Al^O^ support i n the absence 
of P t . Heating t h i s alumina without CO p u l s i n g showed a small peak 
appearing near 100°C. This was i d e n t i f i e d as adsorbed as an 
impur i t y from the c a r r i e r gas. CO completely d i s p l a c e s the on 
p u l s i n g at room temperature and, as p r e v i o u s l y reported, probably 
r e s u l t s from the presence of Lewis acid-base s i t e s gn the alumina 
(8). The amount of t h i s peak was approximately 10 moles per g of 
Al^O^ which represents l e s s than 5% of the CO desorbing from a w e l l 
dispersed Pt c a t a l y s t of 0.4 wt% loa d i n g . Runs without the i n - s i t u 
Ĥ O and 0« trap had shown that CO^ desorbed w i t h the CO. However, 
wi t h the I n - s i t u t r a p minimal CO^ was observed. This was confirmed 
by a p a i r of runs shown i n Figure 1 wi t h and without A^O^ (C0 2 trap) 
placed a t the e x i t of the de s o r p t i o n tube. 

One of the most important v a r i a b l e s i n the TPD of CO from a 
supported Pt c a t a l y s t i s the sample pretreatment. C a l c i n a t i o n at 
500°C f o r one hour followed by re d u c t i o n i s the conventional method 
to o b t a i n the maximum exposed Pt and t h i s f o l l o w s c l o s e l y to r e f i n e r y 
p r a c t i c e f o r s t a r t - u p and regeneration of commercial c a t a l y s t s . The 
f i n a l step i n our case was a 600°C He sweep f o r 30 minutes to ensure 
a f u l l y dehydrated c a t a l y s t up to t h i s temperature so that no water 
evolved during the subsequent TPD. We had p r e v i o u s l y observed that a 
high temperature He sweep could reduce the Pt c a t a l y s t without a 
p r i o r H 2 r e d u c t i o n presumably by the decomposition of the Pt oxide. 

Figure 2 shows the e f f e c t i v e n e s s of t h i s procedure as a f u n c t i o n 
of the p r e o x i d a t i o n temperature. At 500°C p r e o x i d a t i o n no d i f f e r e n c e 
i s observed between e i t h e r a He or H^ r e d u c t i o n . A f t e r a 600°C 
c a l c i n a t i o n the He re d u c t i o n was l e s s e f f e c t i v e , e s p e c i a l l y f o r 
higher temperature peaks, and t h i s d i f f e r e n c e was more pronounced 
a f t e r a 700°C c a l c i n a t i o n temperature. I t i s important to note that 
more than o x i d a t i o n occurs at high temperatures, s i n t e r i n g of the Pt 
and dehydration of alumina a l s o occur. However, i t i s not s u r p r i s i n g 
that hard to reduce Pt occurs at the highest temperature of 
pr e o x i d a t i o n . A l l these f a c t o r s c o n t r i b u t e to the change i n the 
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23. MIEVILLE & REICHMANN Desorption ofCO on Pt-Reforming Catalysts 245 

o 

500 °C 

Figure 1. TPD Spectra of CO from 0.6 wt% P t / A l 2 0 3 
a) Without C0 2 trap b) With C0 2 trap . 
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Figure 2. E f f e c t of C a l c i n a t i o n Temperature With D i f f e r e n t 
Reductions 
CO TPD from 0.4 wt% P t / A l 2 0 3 

1) 1 Hr H 2 at 500°C than He at 600°C (30 min.) 
2) 1 Hr He at 600°C . 
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246 CHARACTERIZATION AND CATALYST DEVELOPMENT 

amount of CO desorbed and the character of the desorption p r o f i l e 
w i t h the c a l c i n a t i o n temperature. 

Figure 3 shows three TPD sp e c t r a ranging from 0.1 to 0.3 g of 
c a t a l y s t sample. Besides the amount of CO desorbed, no major change 
i n the spe c t r a was observed. However, a sm a l l d i s c e r n i b l e s h i f t to 
in c r e a s i n g temperatures i s seen on i n c r e a s i n g sample amount which 
suggests a sma l l i n t e r p a r t i c l e r e a d s o r p t i o n e f f e c t . 

Pore d i f f u s i o n e f f e c t s on the CO TPD spectra were i n v e s t i g a t e d 
by v a r y i n g the p a r t i c l e s i z e of the c a t a l y s t . Figure 4 shows three 
spectra ranging i n p a r t i c l e s i z e from 60-80 mesh to 14-20 mesh, and 
e s s e n t i a l l y no d i f f e r e n c e i n the spec t r a was observed. 

The e f f e c t of t i t r a t i n g the Pt w i t h small pulses of CO below the 
t o t a l s a t u r a t i o n coverage was examined. Figure 5 shows the r e s u l t s 
of the desorptions of p r e v i o u s l y adsorbed i n t e g r a l amounts of 0.036cc 
of CO on a 0.3 g sample of 0.6 wt% Pt/A^O^. CO desorbs stepwise 
from the high to the low temperature range which probable r e s u l t s not 
from s e l e c t i v e adsorption but from movement of CO to higher b i n d i n g 
s i t e s on desorption i n d i c a t i n g that r e a d s o r p t i o n i s o c c u r r i n g f r e e l y . 

F igure 6 compares three TPD s p e c t r a , ranging from 0.3 to 2.0 wt% 
Pt , and shows that there i s an o v e r a l l increase i n the s i z e of the 
hi g h , r e l a t i v e to the low temperature peak as the Pt loa d i n g 
i n c r e a s e s . At the same time, there i s an upward s h i f t i n temperature 
f o r t h i s low temperature peak. I t might be expected that the l a r g e r 
c r y s t a l l i t e s formed at higher Pt loadings would have more t e r r a c e 
s i t e s , w h i l e smaller c r y s t a l l i t e s have more steps and kin k s which are 
associated w i t h the higher b i n d i n g s t a t e s (9-12). However, t h i s i s 
contrary to the observed peak s h i f t . One p o s s i b l e e x p l a n a t i o n which 
i s c o n s i s t e n t w i t h the observed peak s h i f t i n v o l v e s the platinum 
-support i n t e r a c t i o n . In t h i s e x p l a n a t i o n , there i s a l i m i t to the 
Al^O^ s i t e s which can i n t e r a c t s t r o n g l y w i t h Pt (low temperature 
peak; and on f u r t h e r a d d i t i o n , Pt moves to l e s s i n t e r a c t i n g s i t e s . 

However, t h i s theory i s only p a r t i a l l y c o n s i s t e n t w i t h the 
spect r a i n Figure 7 where two samples of the same Pt loa d i n g 
(0.2 wt%) but of d i f f e r e n t d i s p e r s i o n (H 2/Pt of 0.40 and 1.07) are 
shown. Although the sample w i t h the higher d i s p e r s i o n d i d show a 
l a r g e r low temperature peak, i t a l s o appears to co n t a i n higher 
b i n d i n g s t a t e s which are completely absent i n the low d i s p e r s i o n 
case. On the b a s i s of the platinum support i n t e r a c t i o n theory, we 
would expect a smaller high temperature peak f o r the l e s s h i g h l y 
dispersed sample (13). I t should be noted that decrease i n 
d i s p e r s i o n cannot always be explained by c r y s t a l l i t e formation. 
E v i d e n t a l l y f u r t h e r study and development i s needed. 

The main goal of t h i s work was to def i n e that p a r t of the TPD 
spectrum which c o n t r i b u t e s most to the a c t i v i t y of the c a t a l y s t . 
Four used reforming c a t a l y s t s w i t h r e l a t i v e a c t i v i t i e s ranging from 
0.49 to 1.00 (on the b a s i s of performance i n a p i l o t p l a n t ) were 
examined. The r e s u l t s of these runs are shown i n Figure 8 and no 
obvious c o r r e l a t i o n seems to e x i s t between the spectra and the 
corresponding a c t i v i t i e s . 

An attempt was made to l e a r n whether increased i n t e r a c t i o n of 
platinum w i t h exposed A l ions could be seen on more h i g h l y d r i e d 
alumina. The po p u l a t i o n of such ions increases w i t h temperature of 
dehydration of the alumina (8) . A P t / A l ^ c a t a l y s t was pr e d r i e d at 
vari o u s temperatures i n He. The r e s u l t s i n Figure 9 show a 
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23. MIEVILLE & REICHMANN Desorption oj CO on Pt-Reforming Catalysts 247 

Figure 5. Coverage V a r i a t i o n 
CO added i n 0.036cc pulses. 
Number of pulses as i n d i c a t e d (0.3 g, 0.5 wt% P t / A l 2 0 3 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
02

3



248 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i 1 1 r 

100 200 300 400 500 °C 

Figure 6. E f f e c t of Pt Loading 
Pt wt% a) 2.00 b) 0.70 c) 0.30. 

t 1 1 r 

100 200 300 400 500 °C 

Figure 7. E f f e c t of Pt Di s p e r s i o n 
0.2 wt% Pt/Al203 ( d i a m i n o - d i n i t r i t e impregnation) 
D i s p e r s i o n a) 107% b) 40%. 

t 1 1 r 

— i i i i 1 1 
100 200 300 400 500 ° C 

Figure 8. CO TPD Spectra of Pt/A l 2 0 3 C a t a l y s t With D i f f e r e n t 
A c t i v i t i e s 
R e l a t i v e A c t i v i t i e s a) 1.0 b) 0.83 c) 0.49 d) 0.56. 
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23. MIEVILLE & REICHMANN Desorption of CO on Pt-Reforming Catalysts 249 

p r o g r e s s i v e increase i n the r e l a t i v e s i z e of the low temperature peak 
as the predrying temperature i s increased but the decrease i n high 
temperature peak, as might be expected, i s not c o n s i s t e n t l y seen 
here. 

S i m i l a r experiments were performed i n an IR spectrometer. In 
these experiments the same Pt c a t a l y s t was p r e d r i e d by evacuation at 
500° and 700°C a f t e r i n i t i a l c a l c i n a t i o n at 500°C, but i n t h i s case 
before r e d u c t i o n i n at 500°C. CO was added at room temperature 
and then p r o g r e s s i v e l y removed at higher temperatures. This r e s u l t s , 
as seen i n Figure 10, i n a s e r i e s of decreasing s i z e bands w i t h a 
frequency s h i f t to lower wave numbers. Such s h i f t s i n the IR f r e 
quency w i t h CO coverage could p o s s i b l y occur by changes i n 

t 1 1 1 r 

I i i i i i I 

100 200 300 400 500 °C 
Figure 9. E f f e c t of Predrying Temperature 
0.74 wt% P t / A l 2 0 3 a) 500°C b) 600°C c)700°C. 

1950 

Figure 10. E f f e c t s of Predrying and P a r t i a l Desorption on the 
IR Spectra of Absorbed CO 
1. C a l c i n e d at 500°C 2. Calci n e d at 700°C 

Desorption Temperature A) A f t e r CO added B) 60°C C)150°C 
D)250°C E) 350°C F) 400°C. 
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250 CHARACTERIZATION AND CATALYST DEVELOPMENT 

d i p o l e - d i p o l e c o u p l i n g . However, i t has been p r e v i o u s l y observed 
that no changes i n frequency occur during the t i t r a t i o n of a 0.6% 
Pt/Al^O^ sample w i t h small known amounts of CO up to a coverage of 
0. 7 CO molecules/Pt atom (pressure ~ 7 x l 0 ~ T o r r ) . .At higher 
pressures, the band s h i f t e d from 2060 to 2070 cm" (14). This 
equivalent s h i f t i s seen i n Figure 10 between s p e c t r a A and B. A l l 
f u r t h e r s h i f t s are then l i k e l y caused by the removal of weaker held 
CO by thermal d e s o r p t i o n which r e s u l t s i n the subsequent increase i n 
the strength the CO to Pt bond w h i l e decreasing the bond strength of 
the C to 0. The major l o s s of Pt surface area seen a f t e r the 700°C 
pretreatment was expected on the b a s i s of previous work showing that 
heating p r e o x i d i z e d Pt/alumina i n vacuum gave e s s e n t i a l l y the same 
l o s s i n area as heating i n oxygen (14). 

Figure 10 a l s o shows that the s p e c t r a obtained from the more 
s t r o n g l y d r i e d c a t a l y s t (the 700°C treatment) s h i f t s i n the band 
maxima to frequencies higher than seen on the l e s s s t r o n g l y d r i e d 
c a t a l y s t (the 500°C treatment). This peak s h i f t i n d i c a t e s that the 
Pt i n t e r a c t s more w i t h the more h i g h l y d r i e d alumina surface and 
the r e f o r e confirms the TPD r e s u l t s . 

In c o n c l u s i o n , the TPD sp e c t r a can be c h a r a c t e r i z e d by two broad 
peaks, one at 100° and the other at 450°. However, these could be 
made up of a combination of s e v e r a l d i f f e r e n t peaks. Assignments of 
these i n d i v i d u a l peaks to s p e c i f i c Pt s t a t e s are h a r d l y p o s s i b l e , but 
the broad TPD p r o f i l e a r i s e s out of two p o s s i b l e causes: e i t h e r to 
s t r u c t u r a l changes i n the Pt c r y s t a l l i t e forms or to v a r i a t i o n of 
Pt-alumina i n t e r a c t i o n s due to the heterogeneity of the alumina 
surface. 

We would l i k e to acknowledge the two 0.2 wt% Pt c a t a l y s t samples 
given to us by Pro f e s s o r R. L. Burwell and the I.R. s p e c t r a obtained 
from Dr. J . B. P e r i . We should a l s o l i k e to thank them both f o r many 
h e l p f u l d i s c u s s i o n s . 
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Chapter 24 

Pore Structure Characterization of Catalyst 
Supports via Low-Field NMR Spectroscopy 

D. M . Smith1, C. L. Glaves1, D. P. Gallegos1, and C. J. Brinker 2 

1Center for Micro-Engineered Ceramics, University of New Mexico, 
Albuquerque, N M 87131 

2Division 1846, Sandia National Laboratories, Albuquerque, N M 87185 

Two characterization techniques (mercury porosimetry and 
nitrogen adsorption/condensation) are widely employed for 
pore structure analysis of catalyst supports. Pore 
structure analysis is an important component of catalysis 
at several levels ranging from quality control for 
catalyst support production to the understanding of mass 
transfer resistance in laboratory experiments. Although 
porosimetry and adsorption/condensation are widely used, 
they suffer from several disadvantages. In an effort to 
avoid these disadvantages and to extract more detailed 
pore structure information, techniques such as small-angle 
x-ray/neutron scattering (SAXS/SANS), phase-change 
porosimetry, and low-field NMR sp in- la t t i ce relaxation 
measurements have been recently employed. In this paper, 
the application of low-field NMR to both surface area and 
pore structure analysis of catalyst supports wi l l be 
presented. Low-field (20 MHz) sp in- la t t ice relaxation 
(T 1 ) experiments are performed on f luids contained in 
alumina and s i l i c a catalyst supports. Pore size 
distr ibut ions (PSD) calculated from these NMR experiments 
are compared to those obtained from mercury porosimetry 
and nitrogen condensation. 

BACKGROUND - Conventional Pore Structure Characterization 
Mercury porosimetry employs the measurement o f mercury volume i n t r u d e d (or r e t r a c t e d ) i n t o a sample as a f u n c t i o n o f p r e s s u r e . The a p p l i e d p r e s s u r e i s r e l a t e d t o the d e s i r e d pore s i z e v i a the Washburn Equation [1] which i m p l i e s a c y l i n d r i c a l pore shape assumpt i o n . Mercury porosimetry i s wi d e l y a p p l i e d f o r c a t a l y s t charact e r i z a t i o n i n both QC and re s e a r c h a p p l i c a t i o n s f o r s e v e r a l reasons i n c l u d i n g r a p i d r e p r o d u c i b l e a n a l y s i s , a wide pore s i z e range (~2 nm to >100 /im, depending on the pr e s s u r e range o f the i n s t r u m e n t ) , and the a b i l i t y t o o b t a i n s p e c i f i c s u r f a c e area and pore s i z e d i s t r i b u t i o n i n f o r m a t i o n from the same measurement. Accuracy o f the method s u f f e r s from s e v e r a l f a c t o r s i n c l u d i n g c o n t a c t angle and s u r f a c e t e n s i o n u n c e r t a i n t y , pore shape e f f e c t s , and sample compression. However, the l a r g e s t d i s c r e p a n c y between a mercury po r o s i m e t r y -d e r i v e d pore s i z e d i s t r i b u t i o n (PSD) and the a c t u a l PSD u s u a l l y 

0097-6156/89/0411-0251$06.00/0 
© 1989 American Chemical Society 
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252 CHARACTERIZATION AND CATALYST DEVELOPMENT 

a r i s e s as a r e s u l t o f n e t w o r k / p e r c o l a t i o n e f f e c t s . An i m p l i c i t assumption i n p o r o s i m e t r y a n a l y s i s i s t h a t every i n d i v i d u a l pore i s i n d i r e c t c o n t a c t with the p e l l e t s u r f a c e . In f a c t , a p a r t i c u l a r pore i n a c a t a l y s t support w i l l be connected t o the s u r f a c e v i a a network o f v a r i o u s s i z e / s h a p e pores. Mercury w i l l i n t r u d e i n t o the pore not at the p r e s s u r e a s s o c i a t e d with the s i z e o f t h a t s p e c i f i c pore but at a pr e s s u r e c o r r e s p o n d i n g t o the s m a l l e s t c o n s t r i c t i o n i n the l a r g e s t branch o f the network c o n n e c t i n g the pore t o the s u r f a c e . T h i s e f f e c t w i l l r e s u l t i n the apparent PSD being skewed t o s m a l l e r pore s i z e s . When the p r e s s u r e i s lowered, ( i . e . , r e t r a c t i o n ) , a d i f f e r e n t p r e s s u r e w i l l be observed f o r the same pore as the r e t r a c t i o n w i l l occur through the path with the l a r g e s t cons t r i c t i o n s . 
I n v e s t i g a t o r s have attempted t o model t h i s network problem u s i n g p e r c o l a t i o n t h e o r y i n an attempt t o e x t r a c t a d d i t i o n a l pore s t r u c t u r e i n f o r m a t i o n from the i n t r u s i o n curve. Using a pore model based on the pore space surrounding random packing o f s o l i d monodis-perse spheres (a reasonable model f o r a c a t a l y s t support with a monodisperse pore s t r u c t u r e or with macropores surrounding a packing o f porous m i c r o s p h e r e s ) , Mason [2] concluded t h a t o n l y 16% o f the pores c o u l d be observed as a r e s u l t o f n e t w o r k / p e r c o l a t i o n e f f e c t s . R e c e n t l y , Smith, e t . a l . [3] r e f i n e d Mason's work and demonstrated t h a t a c t u a l l y 27% o f the pores c o u l d be observed with p o r o s i m e t r y but these would p r i m a r i l y be the s m a l l e r pores. In an attempt t o e x t r a c t f u r t h e r pore s i z e i n f o r m a t i o n , some i n v e s t i g a t o r s a l s o employ the d e p r e s s u r i z a t i o n ( r e t r a c t i o n ) c u r v e . For example, Conner, e t . a l . [4] i n d i c a t e t h a t pore morphology i n f o r m a t i o n may be o b t a i n e d by comparing the i n t r u s i o n and e x t r a c t i o n c u r v e s . T h i s approach seems t o work re a s o n a b l y w e l l f o r m a t e r i a l s with narrow, unimodal pore s i z e d i s t r i b u t i o n s . However, C i f t c i o g l u , e t . a l . [5] have r e c e n t l y demonstrated t h a t the r e t r a c t i o n curve may be dominate d by the s i z e o f o n l y a few l a r g e i n t e r n a l pores and t h a t n e g l i g i b l e i n f o r m a t i o n c o n c e r n i n g the m a j o r i t y o f the pores i s o b t a i n e d i f the m a t e r i a l has a broad d i s t r i b u t i o n with a "well - c o n n e c t e d " pore network. In p r i n c i p l e , f u r t h e r pore s t r u c t u r e i n f o r m a t i o n may be o b t a i n e d by performing repeated scanning curves i n the h y s t e r i s i s r e g i o n but the a d d i t i o n a l e f f o r t i s r a r e l y j u s t i f i e d i n terms o f the a d d i t i o n a l i n f o r m a t i o n o b t a i n e d . 
N i t r o g e n a d s o r p t i o n / c o n d e n s a t i o n i s used f o r the d e t e r m i n a t i o n o f s p e c i f i c s u r f a c e areas ( r e l a t i v e p r e s s u r e < 0.3) and pore s i z e d i s t r i b u t i o n s i n the pore s i z e range o f 1 t o 100 nm ( r e l a t i v e p r e s sure > 0.3). As with mercury porosimetry, s u r f a c e area and PSD i n f o r m a t i o n are o b t a i n e d from the same instrument. T y p i c a l l y , the d e s o r p t i o n branch o f the isotherm i s used (which corresponds t o the p o r o s i m e t r y i n t r u s i o n c u r v e ) . However, i f the isotherm does not p l a t e a u at high r e l a t i v e p r e s s u r e , the c a l c u l a t e d PSD w i l l be i n e r r o r . For PSD's, n i t r o g e n condensation s u f f e r s from many o f the same disadvantages as p o r o s i m e t r y such as n e t w o r k / p e r c o l a t i o n e f f e c t s and pore shape e f f e c t s . In a d d i t i o n , a d s o r p t i o n / c o n d e n s a t i o n a n a l y s i s can be q u i t e time consuming with a n a l y s i s times g r e a t e r than 1 day f o r PSD's with reasonable r e s o l u t i o n . 
D e s p i t e the shortcomings o f these methods, they serve as the p r i n c i p l e a n a l y t i c a l t o o l s f o r c a t a l y s t support c h a r a c t e r i z a t i o n . I f one i s i n t e r e s t e d i n q u a l i t y c o n t r o l a p p l i c a t i o n s and s o l e l y l o o k i n g f o r q u a l i t a t i v e d i f f e r e n c e s between d i f f e r e n t batches o f the same or s i m i l a r s upports, the e r r o r s a s s o c i a t e d w i t h these methods 
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24. SMITH ETAL. Pore Structure Characterization ofCatalyst Supports 253 

are minor. However, i f one r e q u i r e s d e t a i l e d s t r u c t u r a l informat i o n , the use o f a d d i t i o n a l and/or more s o p h i s t i c a t e d t e c h n i q u e s i s r e q u i r e d . 
BACKGROUND - Characterization v i a NMR The a t t r a c t i v e n e s s o f s u r f a c e / p o r e c h a r a c t e r i z a t i o n v i a NMR s p i n - l a t t i c e r e l a x a t i o n measurements o f pore f l u i d l i e s i n the p o t e n t i a l advantages t h i s technique has as compared t o the convent i o n a l approaches. These i n c l u d e : r a p i d a n a l y s i s , lower o p e r a t i n g c o s t s , a n a l y s i s o f wet m a t e r i a l s , no pore shape assumption, a wide range o f pore s i z e s can be e v a l u a t e d (0.5 nm t o >1 /im), no net w o r k / p e r c o l a t i o n e f f e c t s and the technique i s n o n - d e s t r u c t i v e . When d e t e r m i n i n g s p e c i f i c s u r f a c e areas, NMR a n a l y s i s does not r e q u i r e o u t - g a s s i n g and has the p o t e n t i a l f o r o n - l i n e a n a l y s i s o f s l u r r i e s . 

E a r l y s t u d i e s i n v o l v i n g NMR i n c l u d e the work by Hanus and G i l l i s [6] i n which s p i n - l a t t i c e r e l a x a t i o n decay c o n s t a n t s were s t u d i e d as a f u n c t i o n o f a v a i l a b l e s u r f a c e area o f c o l l o i d a l s i l i c a suspended i n water. S e n t u r i a and Robinson [7] and Loren and Robinson [8] used NMR t o q u a l i t a t i v e l y c o r r e l a t e mean pore s i z e s and observed s p i n - l a t t i c e r e l a x a t i o n times. Schmidt, e t . a l . [9] have q u a l i t a t i v e l y measured pore s i z e d i s t r i b u t i o n s i n sandstones by assuming the v a l u e o f the s u r f a c e r e l a x a t i o n time. Brown, e t . a l . [10] o b t a i n e d pore s i z e d i s t r i b u t i o n s f o r s i l i c a , alumina, and sandstone samples by s h i f t i n g the T, d i s t r i b u t i o n u n t i l the best match was o b t a i n e d between d i s t r i b u t i o n s o b t a i n e d from p o r o s i m e t r y and NMR. More r e c e n t l y , low f i e l d (20 MHz) NMR s p i n - l a t t i c e r e l a x a t i o n measurements were s u c c e s s f u l l y demonstrated by Gal l e g o s and coworkers [11] as a method f o r q u a n t i t a t i v e l y d e t e r m i n i n g pore s i z e d i s t r i b u t i o n s u s i n g porous media f o r which the " a c t u a l " pore s i z e d i s t r i b u t i o n i s known a p r i o r i . Davis and co-workers have m o d i f i e d t h i s approach t o r a p i d l y determine s p e c i f i c s u r f a c e areas [12] o f powders and porous s o l i d s . 
THEORY - NMR The technique i s based on the observed decrease i n the s p i n -l a t t i c e r e l a x a t i o n decay c o n s t a n t , T p o f a f l u i d i n c o n t a c t with a s o l i d s u r f a c e as compared with the T; f o r the f l u i d a l o n e . W i t h i n t h i s f l u i d t h e r e are assumed to e x i s t two d i s c r e t e r e g i o n s : a su r f a c e a f f e c t e d r e g i o n , i n which r e l a x a t i o n i s f a s t , and a r e g i o n which a c t s as bulk f l u i d . I f d i f f u s i o n between the r e g i o n s i s much f a s t e r than r e l a x a t i o n , than f o r a give n pore s i z e , a s i n g l e T, w i l l e x i s t and can be d e s c r i b e d by the " t w o - f r a c t i o n , fast-exchange* model [13]. In terms o f the h y d r a u l i c pore r a d i u s , r , t h i s governing e q u ation f o r a s a t u r a t e d porous medium i s g i v e n as [11]: 

1/T, = a + p/r (1) where a i s the r e c i p r o c a l bulk f l u i d T, and j3 i s a s u r f a c e r e l a x a t i o n parameter i n v e r s e l y p r o p o r t i o n a l t o the s u r f a c e phase T,, and i n c o r p o r a t i n g the s u r f a c e l a y e r t h i c k n e s s , a may be determined by performing a r e l a x a t i o n experiment on the f l u i d and i s a f u n c t i o n o f temperature and the f l u i d . . For water at ambient temperature, a i s on the o r d e r o f 0.3-0.5 s . p w i l l be a f u n c t i o n o f f l u i d , temp e r a t u r e , proton frequency and s u r f a c e c h e m i s t r y . For d e c r e a s i n g proton frequency ( f i e l d s t r e n g t h ) , p w i l l i n c r e a s e r e s u l t i n g i n i n c r e a s e d pore s i z i n g s e n s i t i v i t y . A l s o with d e c r e a s i n g frequency, the s i g n a l to n o i s e r a t i o o f the 1, measurements w i l l decrease 
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254 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i m p l y i n g a decrease i n s e n s i t i v i t y . T h e r e f o r e , the optimum f r e 
quency w i l l depend upon both the pore s i z e and pore volume o f the 
sample. For most a p p l i c a t i o n s , f r e q u e n c i e s i n the range o f 10 t o 60 
MHz are s a t i s f a c t o r y . 

The measured data f o r a s i n g l e pore s i z e or a bulk f l u i d i s an 
e x p o n e n t i a l l y decaying f l u i d m a g n e t i z a t i o n v e c t o r versus time i n 
which T, i s the decay c o n s t a n t . For a 180° - r-90° p u l s e sequence, 
the r e t a r n t o e q u i l i b r i u m o f the m a g n e t i z a t i o n v e c t o r i s d e s c r i b e d 
^ M(r) = M Q [1 - 2 expC - r/T,)] (2) 

where M Q i s tne m a g n e t i z a t i o n at e q u i l i b r i u m . However, a t y p i c a l 
porous media w i l l have a d i s t r i b u t i o n o f pore s i z e s , r e s u l t i n g i n a 
magn e t i z a t i o n curve which r e c e i v e s c o n t r i b u t i o n s from each pore s i z e 
i n the form o f d i f f e r e n t T j ' s . T h i s i m p l i e s t h a t the observed 
m a g n e t i z a t i o n i S j d e s c r i b e d by: 

M(r) = M Q | T
l m a x [1 - 2 e x p t - r / T j ) ] f ( T j ) dTj (3) 

T, i s the maxi expected v a l u e o f T, and i s u s u a l l y taken t o be 
the Tj f o r the bulk f l u i d . T ] . i s the minimum T j v a l u e and i s 
u s u a l l y taken t o be equal to tne s h o r t e s t 1, which can be measured 
with the p a r t i c u l a r instrument used. Deconvolution o f Equation 3 to 
y i e l d the d e s i r e d T, d i s t r i b u t i o n has been accomplished v i a non-
n e g a t i v e l e a s t squares (NNLS) [14] ( d i s c r e t e d i s t r i b u t i o n s ) and 
r e g u l a r i z a t i o n [15] (continuous d i s t r i b u t i o n s ) a l g o r i t h m s . The 
d e s i r e d pore s i z e d i s t r i b u t i o n can then be determined from the T, 
d i s t r i b u t i o n v i a the a p p l i c a t i o n o f Equation 1. 

Equation 1 i s a p p l i c a b l e ( i . e . , no pore shape assumption) f o r 
pores with r a d i u s g r e a t e r than about 5 nm. However, the model has 
been extended to pores as small as 0.5 nm [16] by assuming a pore 
shape. In a d d i t i o n , the f r a c t i o n o f pore volume with pore s i z e s 
l e s s than 0.5 nm may be o b t a i n e d (assuming t h a t the concept o f pore 
s i z e i n t h i s s i z e range has p h y s i c a l s i g n i f i c a n c e ) although d i s 
t r i b u t i o n i n f o r m a t i o n i n t h a t r e g i o n can not be determined. 

The value f o r a can be determined independently but the mag
n i t u d e o f the s u r f a c e i n t e r a c t i o n parameter, must be found f o r 
the p a r t i c u l a r f r e q u e n c y / f l u i d / t e m p e r a t u r e / s o l i d system being 
s t u d i e d . Schmidt and co-workers [9] simply assumed a p v a l u e . 
Other workers [10,11] matched the NMR and mercury p o r o s i m e t r y 
d e r i v e d pore s i z e d i s t r i b u t i o n s t o estimate p. More r e c e n t l y , Davis 
and co-workers [12] have shown t h a t p can be found v i a a s e r i e s o f 
T j experiments, v a r y i n g the q u a n t i t y o f f l u i d sorbed on the s o l i d 
s a r f a c e . In t h a t work i t was shown t h a t a p l o t o f i n v e r s e average 
T j versus the s u r f a c e area (as determined v i a c o n v e n t i o n a l methods) 
times s o l i d c o n c e n t r a t i o n (SA*C) w i l l g i v e a l i n e with s l o p e (p/Z) 
and i n t e r c e p t a. T h i s value o f p can then be a p p l i e d t o f i n d un
known s u r f a c e areas and pore s i z e d i s t r i b u t i o n s u s i n g e x p e r i m e n t a l l y 
determined T.'s f o r s i m i l a r m a t e r i a l at the same f l u i d , frequency 
and temperature. 
EXPERIMENTAL 

The pore s t r u c t u r e o f two types o f c a t a l y s t support m a t e r i a l 
were s t u d i e d : 7-alumina and s i l i c a a e r o g e l . The alumina samples 
were commercial c a t a l y s t supports made i n 1/8 inch diameter p e l l e t 
form by Harshaw Chemical. S i l i c a a e r o g e l s were prepared from s i l i c a 
g e l s s y n t h e s i z e d by a two step acid/base c a t a l y z e d procedure employ
ing TEOS with a water to s i l i c o n r a t i o equal to 3.7 [17] and am
monium hydroxide c o n c e n t r a t i o n o f 0.005 M (sample A) or 0.01 M 
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24. SMITH ET AL. Pore Structure Characterization of Catalyst Supports 255 

(sample B). F o l l o w i n g g e l a t i o n , the samples were aged i n t h e i r 
r e s p e c t i v e l i q u o r at 323 K f o r 3 weeks (sample A) or 2 weeks (sample 
B). The aged samples were s o l v e n t exchanged with C 0 2 ( a t 298 K and 
54 atm) and c r i t i c a l p o i n t d r i e d at 313 K and 81.7 aim t o produce 
a e r o g e l s . As we w i l l show, the aerogel pore s t r u c t u r e i s s e n s i t i v e 
t o the ammonium hydroxide c o n c e n t r a t i o n employed i n the aging proce
dure. The pore s i z e d i s t r i b u t i o n o f the alumina m a t e r i a l was d e t e r 
mined v i a NMR and compared to r e s u l t s o b t a i n e d by mercury i n t r u s i o n 
and n i t r o g e n a d s o r p t i o n / c o n d e n s a t i o n t e c h n i q u e s . The pore s i z e 
d i s t r i b u t i o n s o f the two aerogel samples were measured v i a NMR and 
n i t r o g e n a d s o r p t i o n / c o n d e n s a t i o n o n l y ; the m a t e r i a l being too com
p r e s s i b l e f o r porosimetry (the small pores o f the aerogel imply t h a t 
t h a t very high p r e s s u r e s are r e q u i r e d ) . 

NMR s p i n - l a t t i c e r e l a x a t i o n i n v e r s i o n r e c o v e r y (180 ° - r-90°) 
experiments were conducted on the samples u s i n g d i s t i l l e d water as 
the f l u i d probe. A d d i t i o n a l NMR experiments u s i n g cyclohexane were 
performed on the alumina m a t e r i a l . NMR experiments were performed 
u s i n g a Spin Lock L t d . CPS-2 p u l s e NMR at a frequency o f 20 MHz and 
temperature o f 303 K. R e l a x a t i o n curves were o b t a i n e d by measuring 
the f r e e i n d u c t i o n decay (FID) at approximately 30 d i f f e r e n t r 
v a l u e s between 10 ^s and 9 s. Samples f o r NMR experiments were 
s a t u r a t e d v i a a number o f t e c h n i q u e s . For f u l l s a t u r a t i o n , the 
alumina samples were immersed i n the f l u i d o f i n t e r e s t , whereas the 
aerogel samples were allowed t o e q u i l i b r a t e with vapor i n t r o d u c e d 
a f t e r e v a c u a t i n g the samples t o approximately 5 Pa. P a r t i a l s a t u r a 
t i o n was accomplished by e v a c u a t i n g the samples and then a l l o w i n g 
them t o e q u i l i b r a t e with vapor over s a l t s o l u t i o n s . F l u i d uptake 
was determined g r a v i m e t r i c a l l y . 

N i t r o g e n a d s o r p t i o n / c o n d e n s a t i o n measurements were performed 
u s i n g an Autosorb-1 a n a l y z e r to c a l c u l a t e sample s u r f a c e area and 
pore s i z e d i s t r i b u t i o n . BET a n a l y s i s at 77 K was a p p l i e d f o r ex
t r a c t i n g the monolayer c a p a c i t y from the a d s o r p t i o n isotherm and a 
N« m o l e c u l a r c r o s s - s e c t i o n a l area o f 0.162 nm2 was used to r e l a t e 
tne monolayer c a p a c i t y t o s u r f a c e area. PSD's were c a l c u l a t e d from 
the d e s o r p t i o n branches o f the isotherms u s i n g a m o d i f i e d form o f 
the BJH method [18]. Mercury i n t r u s i o n measurements were performed 
u s i n g an Autoscan-33 continuous scanning mercury p o r o s i m e t e r (12-
33000 p s i a ) and a co n t a c t angle o f 140°. 
RESULTS AND DISCUSSION 

Sample pore volumes and s u r f a c e areas v i a n i t r o g e n a d s o r p t i o n / 
condensation and mercury i n t r u s i o n are g i v e n i n T ab le I. For the 
alumina sample, the t o t a l pore volumes o b t a i n e d from condensation 
and mercury i n t r u s i o n are i n reasonable agreement. The l a r g e r v a l u e 
from mercury may be the r e s u l t o f sample compression and/or the 
presence o f pores «70 nm ( i . e . , c o r r e s p o n d i n g to the l a r g e s t r e l a 
t i v e p r e s s u r e used). For the s i l i c a a e r o g e l s , pore volumes c o u l d 
not be o b t a i n e d by porosimetry because sample compression e f f e c t s 
dominated the observed i n t r u s i o n (based on the o b s e r v a t i o n t h a t no 
mercury was e x t r a c t e d from the samples on the d e p r e s s u r i z a t i o n curve 
and v i s u a l i n s p e c t i o n o f the sample bef o r e and a f t e r a n a l y s i s ) . For 
the sample B a e r o g e l , n i t r o g e n a d s o r p t i o n i n d i c a t e d the presence o f 
a small amount o f m i c r o p o r o s i t y . 
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256 CHARACTERIZATION AND CATALYST DEVELOPMENT 

T a b l e I. Pore Volume and S u r f a c e Area 
Sample Pore Volume (cc/g) S u r f a c e Area (m 2/g) 

Hg N 2 N 2 

Alumina 0.76 0.74 235 
Aerogel A 4.34 427 
Aerogel B 4.20 751 

Magnetic r e l a x a t i o n d ata from the NMR s p i n - l a t t i c e r e l a x a t i o n experiments on f u l l y s a t u r a t e d samples were deconvoluted i n t o cont i n u o u s T, d i s t r i b u t i o n s v i a the r e g u l a r i z a t i o n a l g o r i t h m . NMR experiments at d i f f e r e n t s a t u r a t i o n l e v e l s were used t o o b t a i n the a and p parameters which r e l a t e the T, d i s t r i b u t i o n s t o pore s i z e d i s t r i b u t i o n s (eq 1.) F i g u r e 1 i s a p l o t showing the r e s u l t o f these p a r t i a l s a t u r a t i o n experiments f o r water, w i t h the i n v e r s e average 1, ( o b t a i n e d from NNLS) p l o t t e d vs. the s u r f a c e area m u l t i p l i e d by the s o l i d c o n c e n t r a t i o n . The p a r t i a l s a t u r a t i o n e x p e r i ments f o r water e x h i b i t e d s i n g l e T, decay. The s l o p e and i n t e r c e p t o f the l i n e s i n F i g u r e 1 were used t o c a l c u l a t e p and a r e s p e c t i v e l y . Cyclohexane was a l s o used as a f l u i d f o r the alumina p e l l e t s . When p a r t i a l s a t u r a t i o n NMR experiments were performed u s i n g c y c l o hexane, the r e s u l t i n g T, d i s t r i b u t i o n s were very broad, making a p l o t s i m i l a r t o those i n F i g u r e 1 imp o s s i b l e to c o n s t r u c t , a and p were i n s t e a d c a l c u l a t e d f o r the alumina/cyclohexane system v i a a one-point method, i . e . t a k i n g a t o be the i n v e r s e o f the T, f o r bulk cyclohexane and c a l c u l a t i n g p from the average T, o f the f u l l y s a t u r a t e d sample (a s i n g l e decay) u s i n g : 
1/Tj = a + p/2 SA * C (4) C was determined g r a v i m e t r i c a l l y and SA was taken as the N 2 s u r f a c e area, a and p v a l u e s c a l c u l a t e d f o r the v a r i o u s samples are g i v e n i n T a b l e I I . A l s o i n c l u d e d are values o f a f o r water and cyclohexane o b t a i n e d from experiments on bulk f l u i d . D i f f e r e n c e s between a v a l u e s f o r the same f l u i d are the r e s u l t o f u n c e r t a i n t y a r i s i n g from e x t r a p o l a t i o n and/or the presence o f d i s s o l v e d i m p u r i t i e s from the pore w a l l . Regardless, because o f the small pore s i z e s o f the m a t e r i a l s s t u d i e d , the c a l c u l a t e d pore s i z e i s o n l y a very weak f u n c t i o n o f a. P a r t i a l s a t u r a t i o n experiments f o r the aerogel m a t e r i a l were conducted o n l y on sample A. The a and p v a l u e s o b t a i n e d were assumed to be the same f o r sample B which was o f s i m i l a r c o m p o s i t i o n , d i f f e r i n g i n pore s t r u c t u r e o n l y . The v a l i d i t y o f t h i s assumption has been demonstrated i n o t h e r work [12] wherein samples o f s i m i l a r m a t e r i a l but d i f f e r e n t pore s t r u c t u r e f i t the same s t r a i g h t l i n e on p l o t s o f the type shown i n F i g u r e 1. 

Table I I . a and p Values 
M a t e r i a l F l u i d « ( s _ 1 ) £(nm/s) 
Alumina Water 1.19 105.5 
Alumina Cyclohexane 0.481 8.28 Aerogel Water 0.566 8.64 
Bulk f l u i d Water 0.381 Bulk f l u i d Cyclohexane 0.480 
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40-1 

F i g u r e 1. SA*C p l o t s f o r d e t e r m i n a t i o n o f a and p. 
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258 CHARACTERIZATION AND CATALYST DEVELOPMENT 

-5000 

Rad ius (nm) 

F i g u r e 2. M(r), D C M and PSD p l o t s f o r cyclohexane i n alumina. 
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24. SMITH ETAL. Pore Structure Characterization ofCatalyst Supports 259 

The c a l c u l a t i o n o f NMR pore s i z e d i s t r i b u t i o n s i s a t h r e e s t e p process once the v a l u e s o f a and p are known. F i r s t a s p i n - l a t t i c e r e l a x a t i o n experiment i s undertaken on a s a t u r a t e d sample and a d a t a s e t o f m a g n e t i z a t i o n - d e l a y time, M(r), i s o b t a i n e d . The magnetizat i o n d a t a i s subsequently deconvoluted u s i n g r e g u l a r i z a t i o n t o o b t a i n a d i s t r i b u t i o n o f pore volume with T, [ i n t h i s work, the d i s t r i b u t i o n o f volume with the l o g o f T, i s c a l c u l a t e d , d V / d l o g ( T , ) ] . F i n a l l y , Equation 1 i s a p p l i e d t o c o n v e r t from T, t o pore s i z e and o b t a i n the d e s i r e d pore s i z e d i s t r i b u t i o n . S i n c e the pore shape which best d e s c r i b e s the a c t u a l pore shape i n these s o l i d s i s unknown, we simply use Equation 1. For 1 nm pores, e r r o r s o f up t o 10% c o u l d a r i s e from t h i s assumption depending on the a c t u a l pore shape [16]. T h i s c a l c u l a t i o n process i s i l l u s t r a t e d i n F i g u r e 2 f o r the alumina sample s a t u r a t e d with cyclohexane. 
The T j d i s t r i b u t i o n s o f f u l l y s a t u r a t e d samples were combined with the a and p values o f Table II t o produce pore s i z e d i s t r i b u t i o n s f o r each m a t e r i a l . The NMR pore s i z e d i s t r i b u t i o n s were compared f o r each type o f m a t e r i a l t o pore s i z e d i s t r i b u t i o n s obt a i n e d v i a n i t r o g e n a d s o r p t i o n / c o n d e n s a t i o n ( a l l m a t e r i a l s ) and mercury p o r o s i m e t r y (alumina samples). The r e s u l t s are shown i n F i g u r e 3 f o r alumina and i n F i g u r e 4 f o r the a e r o g e l s . In each case the NMR agrees f a i r l y w e ll with the o t h e r t e c h n i q u e s , but i s seen t o r e s u l t i n s l i g h t l y l a r g e r pore s i z e s . T h i s i s c o n s i s t e n t with the l i m i t a t i o n s o f the o t h e r techniques which g e n e r a l l y r e s u l t i n s m a l l e r than a c t u a l pore s i z e measurements due t o c o n s t r i c t e d pores and n e t w o r k / p e r c o l a t i o n e f f e c t s . The d i f f e r e n c e between the two a e r o g e l s i s the r e s u l t o f the l o n g e r aging c o n d i t i o n s f o r Aerogel A. The NMR r e s u l t s f o r water and cyclohexane i n alumina should agree c l o s e l y . The d i f f e r e n c e noted i s probably due t o i n a c c u r a c i e s i n the cyclohexane a and p which had been c a l c u l a t e d u s i n g a one-point method. 

2.5-1 

Radius (nm) 

F i g u r e 3. NMR, n i t r o g e n condensation and p o r o s i m e t r y PSD's f o r alumina. 
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Chapter 25 

Characterization of Y Zeolites by 23Na 
Magic-Angle-Spinning NMR Spectroscopy 

L. B. Welsh and S. L. Lambert 

UOP Research Center, Des Plaines, IL 60017 

Sodium-23 MASNMR results have been obtained on Na-Y 
zeolites and a series of partially exchanged (NH4,Na)-
Y, (Ca,Na)-Y and (La,Na)-Y zeolites which demonstrate 
that the sodium cations in the supercages can be 
distinguished from those in the smaller sodalite cages 
and hexagonal prisms for both hydrated and dehydrated 
Y zeolites. For the hydrated Y zeolites, spectral 
simulation with symmetric lines allows the cation 
distributions to be determined quantitatively. The 
sodium-23 MASNMR results are consistent with the 
selective removal of sodium cations from the Y zeolite 
supercages by the partial cation exchange. The 
results demonstrate that this technique can be used to 
monitor how cation distributions in Y zeolites change 
with various sample treatments. 

Considerable c h a r a c t e r i z a t i o n of the s i l i c a - a l u m i n a framework of Y 
and other l a r g e pore z e o l i t e s has been reported i n recent years 
(1-2). For example, the dealumination of Y z e o l i t e has been 
e x t e n s i v e l y s t u d i e d u s i n g v a r i o u s techniques i n c l u d i n g s i l i c o n - 2 9 
NMR, aluminum-27 NMR and STEM/EDX a n a l y s i s (3-4). On the other 
hand, the c h a r a c t e r i z a t i o n of the s t a t e and l o c a t i o n of ca t i o n s i n 
z e o l i t e s has been l e s s w e l l s t u d i e d . The l o c a t i o n s of the c a t i o n s 
can p l a y an important r o l e i n the i n t r a z e o l i t e d i f f u s i o n of 
molecules and i n the shape s e l e c t i v i t y e x h i b i t e d by the z e o l i t e . 
For example, potassium A z e o l i t e can adsorb only very small 
molecules such as hydrogen or water, whil e a sodium exchanged A 
z e o l i t e adsorbs molecules as large as ethane; however, i f A 
z e o l i t e i s exchanged w i t h calcium, h a l v i n g the number of ca t i o n s 
r e q u i r e d f o r charge compensation, i t i s capable of exchanging 
l a r g e r n - p a r a f f i n s (5). I n any z e o l i t e c o n t a i n i n g more than one 

0097-6156/89/0411-0262$06.00/0 
© 1989 American Chemical Society 
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25. WELSH & LAMBERT Characterization of Y Zeolites 263 

type of nonequivalent c a t i o n s i t e , the r e l a t i v e p o pulations of 
those s i t e s may be very important i n determining how the m a t e r i a l 
performs i n a p a r t i c u l a r a p p l i c a t i o n . In Y z e o l i t e there are a t 
l e a s t three i n e q u i v a l e n t c a t i o n s i t e s (6,7) which are b e l i e v e d to 
have d i f f e r e n t a c c e s s i b i l i t i e s based on c a t i o n exchange s t u d i e s 
(7). For t h i s reason, and because Y z e o l i t e i s of c o n s i d e r a b l e 
commercial i n t e r e s t , i t was chosen f o r t h i s study of c a t i o n 
d i s t r i b u t i o n s by sodium-23 NMR. 

At t h i s time, the l o c a t i o n s of c a t i o n s i n z e o l i t e s have been 
determined p r i m a r i l y by X-ray d i f f r a c t i o n (XRD) techniques. 
U n f o r t u n a t e l y , t h i s method has the drawback of being able to 
lo c a t e only the most s t a t i o n a r y c a t i o n s i n z e o l i t e s . In some 
st u d i e s of hydrated z e o l i t e s , l e s s than 50% of the t o t a l c a t i o n 
p o p u l a t i o n can be accounted f o r . A higher percentage of the 
c a t i o n s can be l o c a t e d i n dehydrated samples, but the e f f e c t of 
the dehydration step on the l o c a t i o n of the c a t i o n s i s g e n e r a l l y 
not w e l l known. NMR measurements, on the other hand, are most 
s e n s i t i v e to mobile c a t i o n s and c a t i o n s i n h i g h symmetry s i t e s . 
The XRD data c o l l e c t e d on dehydrated Na-Y z e o l i t e s i n d i c a t e t h a t 
the d e t e c t a b l e sodium c a t i o n s r e s i d e i n three s i t e s ( 6 ) . S i t e I 
i s l o c a t e d i n the hexagonal prism and has a low occupancy, about 
10% of the t o t a l c a t i o n s . S i t e I' i s l o c a t e d i n the s o d a l i t e cage 
and about 30% of the c a t i o n s occupy these s i t e s . The remaining 
c a t i o n s , approximately 60%, are found i n S i t e I I , which i s l o c a t e d 
i n the supercage of the Y z e o l i t e (6). The ammonium/sodium 
exchange isotherm f o r Y z e o l i t e (7) shows that w i t h one exchange 
at room temperature a maximum of 60 to 65% of the sodium ions can 
be r e p l a c e d by ammonium ions. In l i g h t of the above X-ray 
d i f f r a c t i o n data, these i o n exchange data i n d i c a t e t h a t only those 
c a t i o n s i n the supercage s i t e s of Y z e o l i t e are r e a d i l y exchanged 
at room temperature. A s i m i l a r isotherm i s observed f o r the 
exchange of sodium by calcium i n Y z e o l i t e ( 7 ) , and f o r the 
exchange of sodium by lanthanum i n Y z e o l i t e (7,8). 

The a b i l i t y to d i s t i n g u i s h at l e a s t two types of sodium 
c a t i o n s i n hydrated Y z e o l i t e s , using h i g h f i e l d sodium-23 magic 
angle s p i n n i n g NMR (MASNMR), has r e c e n t l y been demonstrated by the 
authors (9). Spectra of hydrated Na-Y and s e r i e s of p a r t i a l l y 
exchanged (NH^,Na)-Y and (Ca,Na)-Y z e o l i t e s were obtained which 
allowed the s p e c i f i c sodium-23 MASNMR l i n e s to be a s s o c i a t e d w i t h 
sodium c a t i o n s i n e i t h e r the supercage or the s m a l l e r cage 
s i t e s . At l e a s t two, and p o s s i b l y three, l i n e s were i d e n t i f i e d . 
A resonance near -2 ppm, which i s i n i t a l l y the most intense l i n e , 
l o s e s i n t e n s i t y r a p i d l y as the sodium i s exchanged out of the Y 
z e o l i t e . This resonance has been assigned to the sodium c a t i o n s 
i n the supercage. The second major resonance i s l o c a t e d near -7 
ppm and i t s i n t e n s i t y decreases only very s l o w l y , even a f t e r the 
m a j o r i t y of the sodium has been exchanged out of the z e o l i t e . 
This second l i n e i s assigned to sodium c a t i o n s i n the s o d a l i t e 
cages and p o s s i b l y the hexagonal prism s i t e s . There i s a l s o the 
p o s s i b i l i t y of a t h i r d , p o o r l y r e s o l v e d l i n e of low i n t e n s i t y . 
This l i n e i s broad, making i t s NMR p r o p e r t i e s d i f f i c u l t to 
determine. The o r i g i n of t h i s t h i r d l i n e may inc l u d e 
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264 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c o n t r i b u t i o n s from sodium c a t i o n s i n Type I s i t e s , nonmobile 
c a t i o n s i n the supercages, and r e s i d u a l sodium which i s not 
as s o c i a t e d w i t h the c a t i o n s i t e s . 

The work discussed here compares the r e l a t i v e s i t e 
occupancies f o r three s e r i e s of hydrated Y z e o l i t e s : ammonium, 
calcium and lanthanum exchanged. The data f o r these same three 
s e r i e s of samples i n the dehydrated forms are a l s o presented and 
the assignment of the observed resonances i s discussed. 

EXPERIMENTAL 

Sample P r e p a r a t i o n 

Three s e r i e s of p a r t i a l l y exchanged Y z e o l i t e s were used f o r t h i s 
NMR study: ammonium, calcium and lanthanum exchanged. These 
samples were prepared u s i n g a s i n g l e , 72 hour, room temperature 
exchange of LZY-52, a sodium Y z e o l i t e . Ten grams, v o l a t i l e - f r e e , 
of LZY-52 were used per 100 cc of exchange s o l u t i o n . To achieve 
the v a r y i n g degrees of exchange, the m o l a r i t i e s of the exchange 
s o l u t i o n s were v a r i e d as i n d i c a t e d i n Table I . Each sample was 
washed w i t h 250 cc de i o n i z e d water and then d r i e d a t 40°C. The 
analyses obtained on each sample, as w e l l as the c a l c u l a t e d 
percent exchange, are given i n Table I . The hydrated samples were 
prepared by e q u i l i b r a t i n g the samples f o r 24 hours i n a chamber 
maintained a t 50% r e l a t i v e humidity. The dehydrated samples were 
prepared by d r y i n g the m a t e r i a l s at 150°C f o r 24 hours. The 
dehydrated samples were sealed immediately upon removal from the 
oven and were t r a n s f e r r e d to the NMR r o t o r under a dry n i t r o g e n 
atmosphere. 

A c q u i s i t i o n . Processing and Si m u l a t i o n of Sodium-23 NMR Spectra. 
Sodium-23 MASNMR s p e c t r a were obtained on 6.3, 8.45, and 11.7 
Te s l a m u l t i n u c l e a r s o l i d s NMR spectrometers at S p e c t r a l Data 
Se r v i c e s and the U n i v e r s i t y of I l l i n o i s i n Champaign, I l l i n o i s . 
For the hydrated Y z e o l i t e s , sample s p i n n i n g r a t e s of 3 to 5 KHz 
were used i n most cases. A t y p i c a l spectrum was acquired u s i n g 
1000 scans, a r e c y c l e time of 0.5 sec. and an r f e x c i t a t i o n pulse 
width of 2.0 microsec, which i s l e s s than 1/4 of a 90° pulse width 
of sodium i n s o l u t i o n . Under these c o n d i t i o n s , the i n t e g r a t e d 
i n t e n s i t y of the d i f f e r e n t sodium NMR l i n e s i n the spectrum 
c l o s e l y approximates the c o n c e n t r a t i o n of d i f f e r e n t sodium species 
g i v i n g r i s e to the NMR l i n e s . For the dehydrated Y z e o l i t e s , 
samples, s p i n n i n g r a t e s of 6 to 9 KHz were used. A t y p i c a l 
spectrum was acquired u s i n g 5000 scans, a 2 sec. r e c y c l e time and 
a pulse width l e s s than that of a s o l i d s 45° pulse (about 2.5 
microsec). 

RESULTS 

To determine the o r i g i n of the sodium-23 l i n e s observed i n Na-Y 
z e o l i t e s , they were p a r t i a l l y exchanged w i t h e i t h e r NH^ or Ca 
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25. WELSH & LAMBERT Characterization ofYZeolites 265 

TABLE I 

CATION EXCHANGED SAMPLES OF Y ZEOLITE 

% Exchange % Na20 %S102 % A1 20 3 Molarity of 
Exchange 

Sample Type (of Sites) (VF (VF) (VF) Solution 

LZY-52 0 14.02 61.17 20.67 

(Ca.Na)-Y 11 11. .11 0. ,028 M 
(Ca,Na)-Y 21 9. .95 0. ,050 M 
(Ca.Na)-Y 35 8, .20 0. ,082 M 
(Ca.Na)-Y 45 6, .92 0. ,123 M 
(Ca,Na)-Y 50 6. .32 0. ,163 M 
(Ca,Na)-Y 52 5, .99 0. ,245 M 
(Ca.Na)-Y 56 5, .51 0. ,299 M 
(Ca.Na)-y 58 5, .19 0. ,367 M 
(Ca.Na)-Y 62 4, .81 0. ,463 M 

(NH4,Na)-Y 9 11. ,40 0. ,080 M 
(NH4,Na)-Y 26 9. ,32 0. ,161 M 
(NH4,Na)-Y 32 8, .56 0. .241 M 
(NH4,Na)-Y 41 7, .37 0. .361 M 
(NH4>Na)-Y 47 6, .59 0, .482 M 
(NH4,Na)-Y 53 5, .95 0, .723 M 
(NH4,Na)-Y 55 5 .64 0, .883 N 
(NH4,Na)-Y 56 5 .48 1. .084 M 

(La.Na)-Y 2 12. ,31 0. .014 M 
(La.Na)-Y 9 11. ,43 0, .027 M 
(La,Na)-Y 22 9. ,81 0, .041 M 
(La.Na)-Y 41 7. ,45 0, .054 M 
(La,Na)-Y 52 6. ,03 0, .068 M 
(La.Na)-Y 60 5, .01 0, .095 M 
(La.Na)-Y 68 4, .08 0 .122 M 
(La,Na)-Y 66 4, .32 0 .149 M 
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266 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c a t i o n s (9). Since n e i t h e r of these c a t i o n s i s s m a l l enough to 
enter the s o d a l i t e cages or hexagonal prisms i n the hydrated form, 
the s p e c t r a l changes observed f o r the p a r t i a l l y exchanged z e o l i t e s 
can be i d e n t i f i e d w i t h the replacement of the Na c a t i o n s i n the 
supercages by the NH^ or Ca c a t i o n s . Simulations of such s p e c t r a 
w i t h symmetric l i n e s of mixed Gaussian/Lorentzian character 
q u a n t i t a t i v e l y e s t a b l i s h the amount of Na c a t i o n s removed from the 
supercage s i t e s by the c a t i o n exchange (9). 

This type of a n a l y s i s was extended to the (La,Na)-Y z e o l i t e system 
f o r two reasons. F i r s t , to e s t a b l i s h i f the behavior o f a t r i p l y 
charged c a t i o n can be analyzed by sodium-23 NMR i n a f a s h i o n 
s i m i l a r to th a t of the s i n g l y charged NH^ c a t i o n s and the doubly 
charged Ca c a t i o n s . Second, i o n exchange experiments have 
e s t a b l i s h e d t h a t hydrated La ca t i o n s can not penetrate the sm a l l e r 
cages, but th a t low temperature c a l c i n a t i o n of the z e o l i t e 
(<200°C) dehydrates the La c a t i o n and r e s u l t s i n s u b s t a n t i a l La 
occupation of the c a t i o n s i t e s i n the s m a l l e r cages (8). Thus, 
the c a l c i n a t i o n temperatures needed to ensure La p e n e t r a t i o n to 
the s m a l l e r cages and a consequent Na m i g r a t i o n to the supercages 
are known and can be used to v e r i f y the i n t r e p r e t a t i o n of the 
sodium-23 MASNMR spectra. 

For the hydrated (La,Na)-Y z e o l i t e s e r i e s , the La c a t i o n s are 
b e l i e v e d to replace only those Na c a t i o n s i n the supercages (8). 
The sodium-23 MASNMR spec t r a of the s e r i e s of hydrated (La,Na)-Y 
z e o l i t e s obtained at 96 MHz, are presented i n Figure 1. The 
sp e c t r a are shown from top to bottom, i n order of i n c r e a s i n g La 
c a t i o n c o n c e n t r a t i o n . As i n the cases of the (NH^,Na) and (Ca,Na) 
s e r i e s of exchanged Y z e o l i t e s ( 9 ) , the i n t e g r a t e d i n t e n s i t y of 
the sodium-23 MASNMR spe c t r a of the (La,Na)-Y z e o l i t e s decreases 
l i n e a r l y w i t h i n c r e a s i n g c a t i o n exchange. This i n d i c a t e s t h a t a l l 
of the Na i n the z e o l i t e i s c o n t r i b u t i n g to the observed NMR 
s i g n a l . I n s p e c t i o n of Figure 1 c l e a r l y shows that the peak near 
-2 to -3 ppm lo s e s i n t e n s i t y r e l a t i v e to the peak near -7 ppm. At 
the h i g h e s t exchange l e v e l s , there i s l i t t l e evidence of the l i n e 
near -2 to -3 ppm. These changes are v i r t u a l l y the same as those 
observed f o r the (NH/,Na)-Y and (Ca,Na)-Y z e o l i t e systems (9). 
Simulations of the 2~Na MASNMR spec t r a of the (La,Na)-Y z e o l i t e s 
have been made i n the same manner as f o r the other z e o l i t e s e r i e s , 
u s i n g symmetric l i n e s of mixed Gaussian/Lorentzian c h a r a c t e r . 
These s i m u l a t i o n s can be used to e s t a b l i s h that v i r t u a l l y a l l of 
the Na c a t i o n s i n the supercages have been re p l a c e d by the La 
ca t i o n s f o r the most h i g h l y exchanged z e o l i t e s . 

The s i m i l a r i t i e s i n the Na c a t i o n d i s t r i b u t i o n s between the 
(NH^,Na), (Ca,Na) and (La,Na) mixed c a t i o n systems i n hydrated Y 
z e o l i t e s can be best demonstrated by comparing the sodium-23 
MASNMR sp e c t r a a t c a t i o n exchange l e v e l s where the NMR l i n e s from 
the Na c a t i o n s i n the supercages and sma l l e r cages are best 
r e s o l v e d . For the (NH^,Na), (Ca,Na) and (La,Na) c a t i o n systems 
these occur a t exchange l e v e l s of 41, 45, and 52%, r e s p e c t i v e l y . 
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25. WELSH & LAMBERT Characterization ofY Zeolites 267 

Figure 1. Sodium-23 MASNMR spec t r a of a s e r i e s of hydrated, 
p a r t i a l l y lanthanum exchanged Na-Y z e o l i t e s at 96 MHz. The l e v e l 
of lanthanum exchange i s as i n d i c a t e d . 
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268 CHARACTERIZATION AND CATALYST DEVELOPMENT 

The sodium-23 MASNMR spe c t r a of the Y z e o l i t e samples w i t h these 
p a r t i c u l a r l e v e l s of c a t i o n exchange are shown i n Figure 2, along 
w i t h the spectrum of the Na-Y z e o l i t e . Simulations of these 
s p e c t r a i n d i c a t e t h a t about 25, 10, and 20% of the i n t e g r a t e d NMR 
i n t e n s i t y of the r e s p e c t i v e exchanged z e o l i t e s a r i s e s from 
r e s i d u a l Na c a t i o n s i n the supercages. The d i f f e r e n t Na NMR l i n e s 
are best r e s o l v e d i n the case of the (NH^,Na)-Y z e o l i t e s . 

Sodium-23 MASNMR spec t r a of the three mixed c a t i o n systems 
have a l s o been obtained i n the dehydrated form, where the r e s i d u a l 
water content i s l e s s than 10 molecules per u n i t c e l l . Removal of 
the water from the z e o l i t e r e s u l t s i n the c a t i o n s being more 
h i g h l y l o c a l i z e d i n the c a t i o n s i t e s . In the case of Na-Y 
z e o l i t e s , X-ray d i f f r a c t i o n measurements have e s t a b l i s h e d t h a t the 
Na c a t i o n s are l o c a t e d p r i m a r i l y i n the Type I I s i t e s i n the 
supercages and the Type I ' s i t e s i n the S o d a l i t e cages (6). For 
the samples used i n t h i s p a r t i c u l a r study, only about 10% or l e s s 
of the Na c a t i o n s were i d e n t i f i e d as occupying the Type I s i t e s i n 
the hexagonal prisms. Dehydration a l s o r e s u l t s i n the Na c a t i o n s 
g e n e r a l l y having increased quadrupolar i n t e r a c t i o n s which broaden 
and s h i f t the sodium-23 MASNMR l i n e s , p o s s i b l y to the p o i n t of 
u n o b s e r v a b i l i t y . P r e v i o u s l y , i t has been reported t h a t the 
sodium-23 NMR l i n e i n dehydrated Y z e o l i t e s i s unobservable (10). 

In t h i s study we re p o r t that the sodium-23 MASNMR sp e c t r a of Na 
ca t i o n s i n dehydrated Na-Y and mixed c a t i o n Y z e o l i t e s can be 
observed at 96 MHz. Using MAS rat e s i n excess of 5 KHz re v e a l s 
s t r u c t u r e to the spectrum which can be a s s o c i a t e d w i t h l i n e s 
a r i s i n g from c a t i o n s s i t e s i n the d i f f e r e n t Y z e o l i t e s cages. 
However, i t i s estimated that only about 70 to 80% of the Na atoms 
present i n the z e o l i t e may be observable by NMR under these 
c o n d i t i o n s . As an example of the sodium-23 MASNMR sp e c t r a 
o b t a i n a b l e from the dehydrated Y z e o l i t e s , the s p e c t r a of a Na-Y 
and the three mixed c a t i o n Y z e o l i t e s are presented i n Figure 3. 
For the (NH^,Na), (Ca,Na) and (La,Na)-Y z e o l i t e s , the degrees of 
c a t i o n exchange were 56, 58, and 65%, r e s p e c t i v e l y . In c o n t r a s t 
to the NMR sp e c t r a of the hydrated Y z e o l i t e s presented i n Figure 
2, the s p e c t r a of the dehydrated mixed c a t i o n Y z e o l i t e s show 
s u b s t a n t i a l d i f f e r e n c e s from each other as w e l l as from tha t of 
the Na-Y z e o l i t e . The spectrum of the Na-Y z e o l i t e c o n s i s t s of a 
l i n e w i t h a peak between about -7 and -12 ppm, w i t h a s u b s t a n t i a l 
shoulder to the h i g h f i e l d (more negative ppm) s i d e . As NH^ 
ca t i o n s are exchanged i n t o the supercage s i t e s and Na c a t i o n s are 
removed, the h i g h f i e l d shoulder decreases i n s t r e n g t h and 
e v e n t u a l l y disappears. This i s c l e a r l y demonstrated by the 
spectrum of the 56% NH^ exchanged Y z e o l i t e d i s p l a y e d i n Figure 
3. Such changes suggest th a t t h i s shoulder i s a r i s i n g from Na 
ca t i o n s i n the supercage Type I I s i t e s , s i n c e the NH^ c a t i o n s are 
too l a r g e to penetrate to the smaller cages and exchange w i t h the 
Na c a t i o n s i n those cages. 

A d i f f e r e n t behaviour i s observed f o r the dehydrated (Ca,Na) 
and (La,Na) c a t i o n systems. For these c a t i o n systems, dehydration 
of the Y z e o l i t e i s known to r e s u l t i n Ca or La p e n e t r a t i o n i n t o 
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25. WELSH & LAMBERT Characterization of Y Zeolites 269 

Figure 2. Comparison of sodium-23 MASNMR spe c t r a of hydrated 
Na-Y and p a r t i a l l y ammonium, calcium, or lanthanum exchanged Na-Y 
z e o l i t e s at 96 MHz. 
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Figure 3. Comparison of sodium-23 MASNMR spe c t r a of dehydrated 
Na-Y and p a r t i a l l y ammonium, calcium, or lanthanum exchanged Na-Y 
z e o l i t e s at 96 MHz. 
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25. WELSH & LAMBERT Characterization of YZeolites 271 

the s o d a l i t e cages and hexagonal prisms, w i t h a consequent 
displacement of the Na c a t i o n s to the supercages. As shown i n 
Figure 3 f o r both c a t i o n systems, the r e l a t i v e i n t e n s i t y of the 
sodium-23 MASNMR l i n e near about -7 to -12 ppm has decreased 
s u b s t a n t i a l l y r e l a t i v e to the l i n e s t r u c t u r e at high e r f i e l d f o r 
hi g h c a t i o n exchange l e v e l s . The broad h i g h f i e l d l i n e now 
appears as a separate l i n e , which can be a s s o c i a t e d w i t h the Na 
c a t i o n occupation of Type I I s i t e s i n the Y z e o l i t e supercages. 
Although the features of the broad l i n e are not c l e a r l y those of a 
quadrupole i n t e r a c t i o n dominated lineshape, s p e c t r a obtained a t 76 
and 132 MHz e s t a b l i s h that the l i n e p o s i t i o n and width change w i t h 
magnetic f i e l d are c o n s i s t e n t w i t h quadrupole i n t e r a c t i o n s causing 
l i n e broadening, p a r t i c u l a r l y at the lower magnetic f i e l d . The 
l a c k of s t r u c t u r e f o r t h i s l i n e may a r i s e from the supercage Na 
ca t i o n s having a d i s t r i b u t i o n of environments and hence quadrupole 
i n t e r a c t i o n s i n the Type I I s i t e s . With the a s s o c i a t i o n of the 
broad l i n e near -40 ppm as a r i s i n g from Na c a t i o n s i n the 
supercages, the narrower l i n e at -7 to -12 ppm can presumably be 
as s o c i a t e d w i t h Na c a t i o n s l o c a t e d i n the Types I and I' s i t e s of 
the sma l l e r cages. Given the X-ray d i f f r a c t i o n r e s u l t t h a t the 
occupancy of Type I ' s i t e s i s much l a r g e r than t h a t of Type I 
s i t e s f o r dehydrated Na-Y z e o l i t e s ( 6 ) , we b e l i e v e t h a t t h i s l i n e 
a r i s e s p r i m a r i l y from Na c a t i o n s l o c a t e d i n the S o d a l i t e cages. 

SUMMARY 

Sodium-23 MASNMR measurements have been used to examine the extent 
to which t h i s method can be used to determine the c a t i o n 
d i s t r i b u t i o n i n hydrated and dehydrated Y - z e o l i t e s . R e s u l t s have 
been obtained on Na-Y and s e r i e s of p a r t i a l l y exchanged (NH^,Na)-
Y, (Ca,Na)-Y and (La,Na)-Y z e o l i t e s which demonstrate tha t the 
sodium c a t i o n s i n the supercages can be d i s t i n g u i s h e d from those 
i n the sma l l e r s o d a l i t e cages and hexagonal prisms. For the 
hydrated Y z e o l i t e s , s p e c t r a l s i m u l a t i o n w i t h symmetric l i n e s 
a llows the c a t i o n d i s t r i b u t i o n to be determined q u a n t i t a t i v e l y . 
The sodium-23 MASNMR r e s u l t s are c o n s i s t e n t w i t h the s e l e c t i v e 
removal of sodium c a t i o n s from the Y z e o l i t e supercages by the 
p a r t i a l c a t i o n exchange. This demonstrates tha t t h i s technique 
can be used to monitor how c a t i o n d i s t r i b u t i o n s i n Y z e o l i t e s 
change w i t h v a r i o u s sample treatments. 
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Chapter 26 

X-ray and Electron Microscopic 
Analyses of Catalysts 

Heinz J . Robota1 and Steven A. Bradley2 

1Allied-Signal Engineered Materials Research Center, Des Plaines, IL 60017 
2 U O P Research Center, Des Plaines, IL 60017 

X-ray and electron microscopic analyses are widely used 
techniques for characterizing catalysts. The papers that 
follow this introductory chapter will describe the 
application and uti l i ty of these techniques in under
standing and developing new and improved catalysts. 

X-ray a n a l y s i s methods p l a y an important a n a l y t i c a l r o l e i n the 
c h a r a c t e r i z a t i o n and subsequent development of c a t a l y s t s . For 
example, the development of shape s e l e c t i v e z e o l i t e s such as ZSM-5 
made extensive use of x-ray methods f o r s t r u c t u r a l c h a r a c t e r i z a t i o n . 
Among the most wi d e l y u t i l i z e d a n a l y t i c a l methods are powder x-ray 
d i f f r a c t i o n (XRD) techniques. Powder XRD methods f i n d u t i l i t y f o r 
determining c r y s t a l l i n i t y i n z e o l i t e p r e p a r a t i o n s , determining S i / A l 
r a t i o s through changes i n z e o l i t e l a t t i c e parameters, i d e n t i f y i n g 
c r y s t a l l i n e phases i n new c a t a l y s t preparations as w e l l as i d e n t i f y 
i n g contaminant phases i n spent c a t a l y s t s of many v a r i e t i e s , deter
mining metal c r y s t a l l i t e s i z e s i n supported metal c a t a l y s t s , iden
t i f y i n g a l l o y i n g of d i f f e r e n t supported m e t a l l i c components, as w e l l 
as a wide v a r i e t y of other determinations. Many examples are 
provided by Rohrbaugh and c o l l a b o r a t o r s . Both e x p l i c i t and i m p l i c i t 
a p p l i c a t i o n of these methods can be found i n the papers comprising 
t h i s volume. Davis et a l . have found i n t e r m e t a l l i c phases of the 
Pt-Sn a l l o y system i n supported Pt, Sn c a t a l y s t s f o l l o w i n g a v a r i e t y 
of treatments. Bergna has u t i l i z e d d i f f r a c t i o n t o determine the 
c r y s t a l l i n i t y of the s i l i c a m a t e r i a l formed on the surfaces of spray 
d r i e d p a r t i c l e s . While not e x p l i c i t l y discussed, powder XRD methods 
are r o u t i n e l y a p p l i e d to the c h a r a c t e r i z a t i o n of the z e o l i t i c 
m a t e r i a l s f o r the development of FCC c a t a l y s t s . 

In a d d i t i o n t o i d e n t i f y i n g and c h a r a c t e r i z i n g known c r y s t a l l i n e 
phases, s i n g l e c r y s t a l , and more r e c e n t l y , powder d i f f r a c t i o n 
methods can be used to determine the atomic p o s i t i o n s w i t h i n the 
c r y s t a l s t r u c t u r e s of new and unc h a r a c t e r i z e d m a t e r i a l s . An 
e x c e l l e n t demonstration of how XRD s t r u c t u r e determination methods 
can be a p p l i e d i n concert w i t h other c h a r a c t e r i z a t i o n techniques f o r 

0097-6156/89/0411-0274$06.00/0 
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26. ROBOTA & BRADLEY X-ray and Electron Microscopic Analyses 275 

i d e n t i f y i n g unknown st r u c t u r e s i s given by Vaughn et a l i n the 
determination of a s t r u c t u r e f o r a new z e o l i t i c m a t e r i a l . 

A more recent a d d i t i o n to the diverse array of x-ray based 
methods i s x-ray absorption spectroscopy. In c o n t r a s t to x-ray 
d i f f r a c t i o n methods which derive t h e i r u t i l i t y from the p r o p e r t i e s 
of w e l l defined c r y s t a l l i t e s , x-ray absorption methods are atomic 
probes, capable of obtaining both e l e c t r o n i c and s t r u c t u r a l informa
t i o n about a s p e c i f i c type of atom. The growing use of x-ray 
absorption methods i s a r e s u l t of the greater a v a i l a b i l i t y of 
synchrotron r a d i a t i o n sources which provide the intense broad band 
x - r a d i a t i o n r equired. In some instances laboratory based spectro
meters u t i l i z i n g e i t h e r sealed tubes or r o t a t i n g anode x-ray 
generators can a l s o be used. 

The e l e c t r o n i c t r a n s i t i o n s probed by x-ray absorption spectro
scopy involve the e x c i t a t i o n of a core e l e c t r o n i n t o e i t h e r 
unoccupied bound e l e c t r o n states near the Fermi l e v e l of the 
m a t e r i a l or at higher energies i n t o the continuum of states produc
ing a photoelectron. These e l e c t r o n i c e x c i t a t i o n s must obey 
spectroscopic s e l e c t i o n r u l e s and thus can provide information about 
the symmetry of an atom's environment, i t s o x i d a t i o n s t a t e , and 
sometimes, with the a s s i s t a n c e of comprehensive t h e o r e t i c a l 
c a l c u l a t i o n s , d e t a i l s about the geometry of ligands and other nearby 
atoms. This information i s derived from e x c i t a t i o n s i n t o bound 
stat e s and low l y i n g resonances above the Fermi l e v e l and i s 
r e f e r r e d to as the x-ray absorption near edge s t r u c t u r e (XANES). 
Some examples of using XANES to obtain information about the 
immediate l o c a l environment of the atom being probed are Woolery et 
a l ' s study of the vanadium species found i n used FCC c a t a l y s t s . 
Bouwens et a l have used the v a r i a t i o n of the i n t e n s i t y of pre-edge 
XANES features i n Co containing c a t a l y s t s to i d e n t i f y the symmetry 
of ligands bound to Co i n Co-Mo-S h y d r o d e s u l f u r i z a t i o n (HDS) 
c a t a l y s t s . 

S t r u c t u r a l studies using XAS more t y p i c a l l y r e l y on the modula
t i o n s of the absorption c o e f f i c i e n t at x-ray energies w e l l beyond 
the absorption threshold. These modulations are known as the 
extended f i n e s t r u c t u r e and the technique i s commonly known as EXAFS 
a n a l y s i s . S t r u c t u r a l and chemical information i s contained i n the 
frequency and amplitude of superimposed o s c i l l a t o r y modulations of 
the x-ray absorption c o e f f i c i e n t . As with XANES, the s t r u c t u r a l 
information i s centered at the atom probed with the information 
content decreasing as one moves beyond the probed atoms nearest 
neighbors. However, f o r c a t a l y t i c purposes, t h i s information 
represents the chemical i d e n t i t y of the microscopic atomic arrange
ments which c o n s t i t u t e c a t a l y t i c s i t e s and thus should y i e l d very 
valuable information about the a c t i v e c a t a l y t i c arrangements. 
Information of t h i s type i s a l s o p a r t i c u l a r l y valuable when other 
s t r u c t u r a l c h a r a c t e r i z a t i o n methods f a i l due to the extremely small 
s i z e of the a c t i v e aggregates as i s o f t e n the case i n supported 
noble metal c a t a l y s t s . One such case p e r t a i n s to the i n t e r a c t i o n of 
Pt with other elements i n petroleum reforming c a t a l y s t s . For 
example, the nature of Pt-Sn i n t e r a c t i o n s i s explored by Davis et a l 
i n a study of model Sn modified Pt based c a t a l y s t s . I t i s a n t i c i 
pated that a more complete understanding of such i n t e r a c t i o n s w i l l 
r e s u l t i n the development of s i g n i f i c a n t l y improved reforming 
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276 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c a t a l y s t s . Bouwens et a l demonstrate how XANES and EXAFS can be 
used together to obt a i n a c o n s i s t e n t d e s c r i p t i o n of i n t e r a c t i n g 
c a t a l y s t components i n s p e c i a l l y prepared Co-Mo-S HDS c a t a l y s t s . 
S i m i l a r l y , Woolery et a l . have probed the l o c a l environment of N i i n 
steamed FCC c a t a l y s t s to determine the nature of the N i species 
formed. 

A p p l i c a t i o n of x-ray methods, e i t h e r d i f f r a c t i o n or absorption, 
to the development of commercial c a t a l y s t s s t i l l r e l i e s 
predominantly on two approaches. In one approach, a r e a l commercial 
m a t e r i a l i s t r e a t e d under r e a l t e s t conditions and then 
c h a r a c t e r i z e d f o l l o w i n g t r a n s f e r of the used m a t e r i a l to the 
appropriate instrument. A second approach attempts to recreate some 
c r i t i c a l aspect of the c a t a l y s t ' s r e a c t i o n environment i n an i n s i t u 
r e a c t o r attached to the appropriate instrument, but uses a model 
c a t a l y s t . Considerable opportunity e x i s t s i n the c a r e f u l melding of 
these two approaches so that r e a l c a t a l y s t s are t r e a t e d under r e a l 
c o n d i t i o n s and are measured without int e r v e n i n g exposure to ambient. 
Only under such w e l l c o n t r o l l e d conditions can we hope to e x t r a c t 
the maximum amount of information from x-ray based measurements. 
This area c a l l s f o r c r e a t i v e method development and research should 
be geared along these l i n e s i n the future. 

In the development of c a t a l y s t systems the e l e c t r o n microscope 
i s becoming a h i g h l y u t i l i z e d i n t e r a c t i v e t o o l . Many reviews have 
been w r i t t e n on the use of e l e c t r o n microscopy i n c h a r a c t e r i z i n g 
c a t a l y s t s . Targos and Bradley describe the u t i l i t y of scanning 
transmission and a n a l y t i c a l e l e c t r o n microscopy to c h a r a c t e r i z e 
commercial c a t a l y s t s . As c a t a l y s t s become more complex with two or 
more metals impregnated onto a support or mixed oxide or z e o l i t i c 
systems being employed, r e l a t i n g s t r u c t u r e with p r o p e r t i e s becomes 
c r i t i c a l i n the o p t i m i z a t i o n of the c a t a l y s t . Targos and Bradley 
a l s o demonstrate how t h i s information can be obtained by microscopy 
and r e l a t e d to performance. 

One of the heavy uses of e l e c t r o n microscopy i s f o r the evalua
t i o n of metals d i s t r i b u t i o n . The reason that metals d i s t r i b u t i o n 
a n a l y s i s i s so important i s that (a) the chemist has a v a r i e t y of 
methods f o r impregnation and (b) c a t a l y t i c a c t i v i t y and s e l e c t i v i t y 
have been r e l a t e d to metals l o c a t i o n (1). This type of information 
can be e a s i l y obtained with an energy d i s p e r s i v e x-ray or wavelength 
d i s p e r s i v e x-ray spectrometer attached to a scanning e l e c t r o n 
microscope. With t h i s method metals concentration as a f u n c t i o n of 
p o s i t i o n can be developed. The s e l e c t i o n of whether to use the 
energy or wavelength d i s p e r s i v e spectrometer i s r e l a t e d to metals 
concentration and the number of elements that r e q u i r e a n a l y s i s . For 
a Be window energy d i s p e r s i v e spectrometer, elements with an atomic 
number greater than Na can be simultaneously detected. With a 
wavelength d i s p e r s i v e microprobe only a s i n g l e element can be 
detected at a time. However, d e t e c t a b i l i t y i s greater with a 
dedicated wavelength d i s p e r s i v e x-ray microprobe. Sample prepara
t i o n r e q u i r e s a smooth surface, t y p i c a l l y p o l i s h e d , followed by a 
carbon coating f o r e l e c t r i c a l c o n d u c t i v i t y . Puis describes i n a 
l a t e r s e c t i o n how metals d i s t r i b u t i o n a n a l y s i s was used to q u a l i f y a 
c a t a l y s t f o r a s p e c i f i c petrochemical process. Other techniques 
that can be used f o r metals d i s t r i b u t i o n include Auger e l e c t r o n 
spectroscopy, scanning ion microprobe, and scanning transmission 
e l e c t r o n microscopy. 
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26. ROBOTA & BRADLEY X-ray and Electron Microscopic Analyses 211 

I d e n t i f y i n g micron-sized components or im p u r i t i e s on c a t a l y s t s 
i n the scanning e l e c t r o n microscope i s complicated by e l e c t r o n beam 
broadening. Ultramicrotomy of the c a t a l y s t coupled with 
transmission e l e c t r o n microscopy i s one technique that can be used 
to i d e n t i f y such c o n s t i t u e n t s . Csencsits and Gronsky combined high 
r e s o l u t i o n and a n a l y t i c a l e l e c t r o n microscopy to study FeZSM-5 and 
show the s p a t i a l d i s t r i b u t i o n of the F e - r i c h second phase p a r t i c l e s . 
Auger e l e c t r o n spectroscopy i s another approach that can be used to 
in v e s t i g a t e surface contaminants but the i n s u l a t i n g nature of most 
c a t a l y s t supports causes sample charging problems. S p e c i a l sample 
prepa r a t i o n (pressed powder i n t o indium f o i l ) , operating conditions 
(low a c c e l e r a t i n g voltage) or conductive samples (heavy carbon 
deposits) are o f t e n required. One technique that seems to avoid the 
beam broadening and charging problems i s secondary i o n spectroscopy. 

Imaging i n d i v i d u a l elements with secondary i o n mass spectro
scopy as shown by Leta appears to be a very good way to study and 
demonstrate metals i n t e r a c t i o n i n a FCC c a t a l y s t . This should 
f a c i l i t a t e the development of more metals t o l e r a n t c a t a l y s t s . 

Support morphology can be a l t e r e d by var y i n g the processing 
c o n d i t i o n s . Both scanning e l e c t r o n and transmission e l e c t r o n micro
scopy can a s s i s t i n r e l a t i n g morphology to a c t i v i t y . C s e n t c s i t s and 
Gronsky describe such a c h a r a c t e r i z a t i o n of Fe ZSM-5 z e o l i t e . 
S i m i l a r studies have helped commercialize new z e o l i t e prepara
t i o n s (2). 

In some systems the presence or absence of metal c r y s t a l l i t e s 
determines c a t a l y t i c a c t i v i t y . Both x-ray d i f f r a c t i o n and e l e c t r o n 
microscopy are complementary techniques i n evaluating these 
c a t a l y s t s . The advantages of the scanning transmission e l e c t r o n 
microscope f o r these studies i s described by Targos and Bradley. 
Masel (3) has r e l a t e d c a t a l y t i c a c t i v i t y with s p e c i f i c exposed 
c r y s t a l l i t e surfaces f o r n i t r i c oxide reduction. Performing such 
studies on a high surface area support becomes extremely exhaustive 
but may have to be performed to optimize c e r t a i n r e a c t i o n s . The 
i n t e r a c t i v e approach of u t i l i z i n g a combination of c h a r a c t e r i z a t i o n 
t o o l s i n c l u d i n g e l e c t r o n microscopy was w e l l documented i n the 
development of a Fischer-Tropsch c a t a l y s t (4). Automotive c a t a l y s t s 
are q u i t e complex and t h e i r f u r t h e r development w i l l r e q u i r e an 
understanding of the i n t e r r e l a t i o n s h i p s of each component (5). 
Determining whether 1 nm c r y s t a l l i t e s are on the outside or i n s i d e 
of the pores of a z e o l i t e (6) i s necessary f o r the development of 
some c a t a l y s t s . 

For many heterogeneous c a t a l y s t s the presence of 2 nm 
c r y s t a l l i t e s may be de l e t e r i o u s to performance. Unfortunately the 
p o s i t i v e i d e n t i f i c a t i o n of 1 nm Pt c r y s t a l l i t e s on a high surface 
area 7-Al 20 3 support i s extremely d i f f i c u l t . Although EXAFS has 
been used, i t i s not a routine technique. High r e s o l u t i o n e l e c t r o n 
microscopy has not been s u c c e s s f u l with low metals loading. 
Improved annular dark f i e l d detectors f o r the scanning transmission 
e l e c t r o n microscopes may a s s i s t i n dete c t i n g lnm c r y s t a l l i t e s . For 
t a i l o r i n g a c a t a l y s t to a s p e c i f i c r e a c t i o n , one must be able to 
r e l a t e the st r u c t u r e of the s i t e to c a t a l y t i c a c t i v i t y and 
s e l e c t i v i t y . P o s s i b l y future developments i n high r e s o l u t i o n 
e l e c t r o n microscopy w i l l address t h i s problem. 
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278 CHARACTERIZATION AND CATALYST DEVELOPMENT 

In most microscopy studies the c a t a l y s t i s examined under 
vacuum. To understand the system, the c a t a l y s t should be examined 
under r e a c t o r c o n d i t i o n s . Environmental chambers that do not reduce 
instrument r e s o l u t i o n are p r e s e n t l y not a v a i l a b l e . S i m i l a r l y , 
pretreatment systems attached to the instrument would extend 
c h a r a c t e r i z a t i o n i n s i g h t . At the very l e a s t , sample d e l i v e r y 
systems that minimize a i r exposure are necessary. For example, a i r 
exposure during sample t r a n s f e r as might occur with a reduced Pd 
c a t a l y s t can a l t e r the c r y s t a l l i t e morphology. Such studies would 
be expected to enhance c a t a l y s t development. 
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Chapter 27 

Factors Affecting X-ray Diffraction 
Characteristics of Catalyst Materials 

Wayne J. Rohrbaugh and Ellen L . Wu 

Mobil Research and Development Corporation, Paulsboro Research 
Laboratory, Paulsboro, N J 08066-0480 

X-ray diffraction (XRD) is a major tool employed 
to identify and characterize catalytic materials. 
A brief review of the diffraction phenomenon and 
the effect of crystallite size is presented. Appli
cations of XRD to catalyst characterization are 
illustrated, including correlation of XRD powder 
patterns to molecular structural features, deter
mination of Pt crystallite size and others. Factors 
that affect the appearance of XRD powder patterns, 
such as framework structure perturbations, extra
framework material, crystal morphology, impurities, 
sample preparation, instrument configurations, and 
x-ray sources, are discussed. 

X-ray d i f f r a c t i o n (XRD), i n p a r t i c u l a r x-ray powder d i f f r a c t i o n , 
has been used e x t e n s i v e l y t o i d e n t i f y and c h a r a c t e r i z e m a t e r i a l s 
used as c a t a l y s t s i n the petroleum r e f i n i n g and petrochemical 
i n d u s t r i e s . This i s not s u r p r i s i n g , since many of the m a t e r i a l s 
are c r y s t a l l i n e ; i . e . , the atoms can be arranged i n th r e e -
dimensional p e r i o d i c arrays. Every atom i n a c r y s t a l l i n e s o l i d 
c o n t r i b u t e s t o the observed XRD p a t t e r n , thus making the p a t t e r n 
c h a r a c t e r i s t i c of the m a t e r i a l - a v i r t u a l f i n g e r p r i n t . The 
d i f f r a c t i o n data obtained f o r c a t a l y t i c m a t e r i a l s can t e l l us many 
thin g s about these m a t e r i a l s , ranging from the s t r u c t u r a l nature of 
the c r y s t a l l i n e components t o the average Pt c r y s t a l l i t e s i z e on a 
supported-metal c a t a l y s t . I t can be used to monitor and c o r r e l a t e 
molecular s t r u c t u r a l f e a t u r e s to c a t a l y t i c process and r e a c t i o n 
v a r i a b l e s , or to s p e c i f y composition f o r patent d e f i n i t i o n . I n 
shor t , XRD i s an in v a l u a b l e technique i n c a t a l y s t research and 
development. This d i s c u s s i o n w i l l i l l u s t r a t e some of the 
a p p l i c a t i o n s of XRD to c a t a l y s t c h a r a c t e r i z a t i o n and po i n t out some 
of the f a c t o r s t h a t a f f e c t the appearance of x-ray powder 
d i f f r a c t i o n patterns of these m a t e r i a l s . 

0097-6156/89/0411-0279$07.00/0 
© 1989 American Chemical Society 
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280 CHARACTERIZATION AND CATALYST DEVELOPMENT 

XRD Fundamentals 

X-rays have both e l e c t r i c f i e l d and magnetic f i e l d components 
as s o c i a t e d w i t h them. C l a s s i c a l l y , the o s c i l l a t i n g e l e c t r i c f i e l d 
can a c c e l e r a t e e l e c t r o n s , and these e l e c t r o n s , i n t u r n , can emit 
new x-rays u s u a l l y of the same energy ( e l a s t i c s c a t t e r i n g ) , but i n 
a r b i t r a r y d i r e c t i o n s i n space. Since the dimension of an atones 
e l e c t r o n cloud i s approximately the same as an x-ray wavelength, 
i n t e r f e r e n c e occurs. D i f f r a c t i o n i s an i n t e r f e r e n c e phenomenon 
t h a t produces s c a t t e r e d x-ray i n t e n s i t y maxima and minima dependent 
upon the arrangement of the s c a t t e r e r s (1,2). 

I f the s c a t t e r e r s are somewhat randomly o r i e n t e d , d i f f r a c t i o n 
maxima are d i f f u s e and i l l - d e f i n e d , e.g., as seen i n XRD powder 
patterns of c l a y s and z e o l i t e s with disordered s t r u c t u r e s or 
st a c k i n g f a u l t s . I f the s c a t t e r e r s are w e l l ordered and p e r i o d i c 
i n r e a l space, then so are the d i f f r a c t i o n maxima i n " d i f f r a c t i o n " 
space. I d e a l l y , by measuring the p o s i t i o n ( s c a t t e r i n g angle) and 
the amplitude (c o n t a i n i n g the s i g n or phase information) of 
e l a s t i c a l l y d i f f r a c t e d x-rays, i t i s p o s s i b l e t o determine the 
p o s i t i o n i n space of a l l the atoms which comprise the m a t e r i a l and, 
th e r e f o r e , unambiguously c h a r a c t e r i z e i t . The c a l c u l a t i o n i s 
st r a i g h t f o r w a r d i n terms of an e l e c t r o n d e n s i t y d i s t r i b u t i o n 
f u n c t i o n , 

• > ^ r r . r ™ 2W\(hx + ky+ I 2) 

/9(x,y,z) a EEE F h k | e 
hki 

where the e l e c t r o n d e n s i t y , py at any p o s i t i o n i n r e a l space 
(x,y,z) i s r e l a t e d t o the summation over d i f f r a c t i o n space (h,k, L) 
of the F o u r i e r transform of the d i f f r a c t e d wave amplitude and 
phase, F h k | , known as a " s t r u c t u r e f a c t o r " . Each s t r u c t u r e f a c t o r , 
f o r a p a r t i c u l a r r e c i p r o c a l l a t t i c e v e ctor (h,k,£), i s a summation 
of the s c a t t e r i n g density over a l l atoms. However, there are 
se v e r a l p r o p e r t i e s of both the m a t e r i a l s and the d i f f r a c t i o n 
experiment which make the c a l c u l a t i o n s somewhat more complicated. 

F i r s t , although the d i f f r a c t i o n angle can be measured q u i t e 
a c c u r a t e l y , the phase and magnitude of the d i f f r a c t e d x-rays 
cannot. The measurement of diffracted-wave i n t e n s i t y provides a 
qua n t i t y t h a t i s r e l a t e d t o the square of the amplitude, c f . Figure 
1, which consequently l a c k s the phase information necessary f o r the 
c a l c u l a t i o n of the e l e c t r o n d e n s i t y d i s t r i b u t i o n . In a d d i t i o n , 
s p e c t r a l , instrumental and sample f a c t o r s can c o n t r i b u t e to l i n e 
broadening, thus making i t more d i f f i c u l t to re s o l v e i n d i v i d u a l 
d i f f r a c t i o n peaks at nearly equal s c a t t e r i n g angles. Indeed, 
c r y s t a l l i t e s i z e broadening can have a profound e f f e c t on the 
q u a n t i t y of information t h a t can be obtained using x-ray 
d i f f r a c t i o n . 
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ROHRBAUGH & WU X-ray Diffraction Characteristics of Catalysts 281 

'hkl ['• «£>'<T=T>] [i^vJ 

P t 
1+ COS2 26 

sin 2 6 cos 6 hkl 
2 -2Bsin 26/\ 2 

e *'<e)g] 

where 

Fhk.= X f #-*-i<hK,+fc|f,+tt, 1 

I 
o 
S 
e 
m 
c 
X 

R 

V 

P 
e 

B 

A'(e) 

g 

Fhkl 
f. 
J 
x.,y.,z. 
J J J 

h.kj 

incident beam intensity per unit area 
cross-sectional area of the beam 
electron charge 
electron mass 
speed of light 
x-ray wavelength 
distance to the detector slit 
linear absorption coefficient 
unit cell volume 
multiplicity factor 
Bragg angle 
isotropic or anisotropic thermal parameter 
angularly dependent absorption factor 
experimental condition function 
structure factor 
atomic scattering factor for atom j 
spatial coordinates of atom j 
crystallographic indices 

F i g u r e 1. Expression f o r the d i f f r a c t e d x-ray i n t e n s i t y from 
each c r y s t a l l o g r a p h i c plane (h,k,£). [Note the r o l e of the 
s t r u c t u r e f a c t o r , which i n c l u d e s the s c a t t e r i n g c o n t r i b u t i o n s 
from a l l atoms i n the u n i t c e l l . ] 
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282 CHARACTERIZATION AND CATALYST DEVELOPMENT 

For example, i f a c r y s t a l has dimensions of 100/im on a s i d e , 
then the number of d i f f r a c t e d x-rays at any given o r i e n t a t i o n of 
th a t c r y s t a l s a t i s f y i n g the Laue c o n d i t i o n can be s t a t i s t i c a l l y 
s i g n i f i c a n t (using a conventional sealed-tube source). I n 
p r a c t i c e , a lar g e volume of d i f f r a c t i o n space w i l l be sampled, and 
the Fourier-transformed i n f o r m a t i o n can u l t i m a t e l y provide three-
dimensional atomic coordinates. Such s i n g l e - c r y s t a l analyses have 
been used t o determine z e o l i t e framework s t r u c t u r e s and t o l o c a t e 
c a t i o n s and other extra-framework m a t e r i a l (3-7). In f a c t , s i n g l e -
c r y s t a l data can make i t p o s s i b l e to d i f f e r e n t i a t e between aluminum 
and s i l i c o n atom s i t e s i n z e o l i t e s . Smaller c r y s t a l s , however, 
r e q u i r e more i n c i d e n t x-ray f l u x , perhaps synchrotron sources, but 
eve n t u a l l y the d i f f r a c t i o n from small s i n g l e c r y s t a l s (e.g., l e s s 
than 10 or so microns) w i l l have i n t e n s i t y d i f f i c u l t t o measure 
above background. Generally, m a t e r i a l s of commercial i n t e r e s t 
c o ntain c r y s t a l l i n e components w i t h c r y s t a l s i z e s too small f o r a 
conventional s i n g l e - c r y s t a l a n a l y s i s . Many c r y s t a l s may be needed 
to produce s u f f i c i e n t d i f f r a c t e d beam i n t e n s i t y to be measured; 
thus, the remainder of t h i s paper w i l l d i s c u s s x-ray d i f f r a c t i o n by 
powders. 

Of course, l o o k i n g at the d i f f r a c t i o n from a powder l i m i t s us 
to some degree i n the a b i l i t y t o properly r e s o l v e and c o r r e l a t e 
d i f f r a c t i o n maxima to s p e c i f i c c r y s t a l "planes". For any given 
s t r u c t u r e , there may be s e v e r a l sets of planes i d e n t i f i e d by 
d i f f e r e n t c r y s t a l l o g r a p h i c i n d i c e s separated by nearl y equal "d-
spacings" (and consequently observed at nearl y equal s c a t t e r i n g 
a n g l e s ) , thus making the proper assignment of i n t e n s i t i e s t o each 
plane d i f f i c u l t . In a d d i t i o n , as the average c r y s t a l l i t e s i z e of 
the powder decreases, the p h y s i c a l c h a r a c t e r i s t i c s of each c r y s t a l 
become important and a l a r g e r d i s t r i b u t i o n of i n t e n s i t y about each 
s c a t t e r i n g angle occurs, thus r e s u l t i n g i n l a r g e r peak widths and 
poorer r e s o l u t i o n of peaks i n the XRD powder p a t t e r n . 

Line Broadening 

This XRD l i n e broadening versus c r y s t a l l i t e s i z e e f f e c t can be 
e x p l o i t e d t o determine the average s i z e s of z e o l i t e c r y s t a l s i n a 
c a t a l y s t or metal c r y s t a l l i t e s on various supports, e.g., Pt 
c r y s t a l l i t e s i z e s i n reforming c a t a l y s t s . Figure 2 demonstrates 
the use of peak areas f o r the determination of % Pt and the 
Scherrer equation (1) f o r average Pt c r y s t a l l i t e s i z e . Here the 
use of the P t ( l l l ) peak i s i l l u s t r a t e d as a general purpose 
technique, but p a r t i c u l a r l y f o r alumina-supported c a t a l y s t s , the 
Pt(311) peak may be p r e f e r r e d (8). The primary reason f o r using 
the Pt(311) i s to minimize i n t e r f e r e n c e of the alumina support i n 
measuring the Pt l i n e width. However, f o r Cu Ka r a d i a t i o n , the 
magnitude of x-ray s c a t t e r i n g decreases and the peak widths 
increase as fu n c t i o n s of s i n 0. Thus, the use of the Pt(311) at 
higher s c a t t e r i n g angle can increase the un c e r t a i n t y i n the 
measured peak width and thereby l i m i t the a b i l i t y to determine 
average Pt c r y s t a l l i t e s i z e s at very low concentration l e v e l s or 
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13f 
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1300 

Scherrer Equation: 

Crystallite Size = KX / (p cos <9), 

where K is a constant, X is the 
wavelength, p is the peak width 
corrected for instrumental broadening, 
and 6 is the diffraction angle. 

37.00 30.ee 4i.ee 43.ee 

°2e 

For Example : 

wt. % pt = ( A s a m p l e alu ) x C standard (3770 - 612) x 0.54 
• = 0.33% 

A - A standard alumina 5760 - 612 

P = (FWHM - intrinsic width) x (7T/180) = (1.12 - 0.02) x (7T/180) 

Crystallite Size = (l x 1.5418) / ((1.10 x (7T/180)) x 0.9403) = 85 A 

Figure 2. Use of d i f f r a c t i o n peak widths and areas t o 
determine average Pt c r y s t a l l i t e s i z e and weight percent P t 
i n a supported metal c a t a l y s t . 
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284 CHARACTERIZATION AND CATALYST DEVELOPMENT 

very small c r y s t a l l i t e s i z e s . In such cases, the alumina support 
can be removed v i a d i s s o l u t i o n techniques (9), and measurement of 
the P t ( l l l ) peak width i s then used f o r maximum s e n s i t i v i t y . 

In u t i l i z i n g the Scherrer equation, care must be ex e r c i s e d t o 
pro p e r l y account f o r instrumental f a c t o r s which c o n t r i b u t e t o the 
measured peak width at h a l f maximum. This " i n t r i n s i c " width must 
be subtracted from the measured width t o y i e l d a value 
r e p r e s e n t a t i v e of the sample broadening. When the experimental 
c o n d i t i o n s have been p r o p e r l y accounted f o r , reasonably accurate 
values f o r the average c r y s t a l l i t e s i z e can be determined. Peak 
shapes and widths, however, can al s o provide other i n f o r m a t i o n 
about the c a t a l y s t m a t e r i a l s being s t u d i e d . For example, 
combinations of broad and sharp peaks or asymmetric peak shapes i n 
a p a t t e r n can be mani f e s t a t i o n s of s t r u c t u r a l d i s o r d e r , morphology, 
compositional v a r i a t i o n s , or i m p u r i t i e s . 

F a c t o r s A f f e c t i n g Z e o l i t e XRD Powder P a t t e r n s 

In f a c t , peak broadening i s j u s t one of s e v e r a l e f f e c t s observed i n 
XRD powder patterns t h a t can be used to gain c h a r a c t e r i z a t i o n 
i n f o r m a t i o n about v a r i o u s c a t a l y s t systems. P a r t i c u l a r l y i n 
z e o l i t e systems, f a c t o r s such as framework s t r u c t u r e p e r t u r b a t i o n s 
and m o d i f i c a t i o n s , extra-framework m a t e r i a l , c r y s t a l morphology, 
i m p u r i t i e s , and instrument c o n f i g u r a t i o n s can produce observable 
d i f f e r e n c e s i n the XRD pa t t e r n s , which r e q u i r e c l o s e s c r u t i n y , i n 
some cases, t o understand and u t i l i z e . 

Framework S t r u c t u r e . Framework-related f a c t o r s i n c l u d e symmetry 
changes, f o r example, orthorhombic vs. monoclinic ZSM-5 (10), c f . 
Figure 3. Subtle symmetry d i f f e r e n c e s are manifested i n t h i s case 
as the appearance of a d d i t i o n a l d i f f r a c t i o n l i n e s i n the XRD 
patterns of the monoclinic versus the orthorhombic symmetry form. 
A r e v e r s i b l e minor d i s p l a c i v e t ransformation of t e t r a h e d r a l atoms 
can reduce the symmetry of the ZSM-5 framework t o monoclinic, and 
thus make the appearance of the a d d i t i o n a l l i n e s i n the powder 
p a t t e r n p o s s i b l e . The observation of t h i s type of l i n e s p l i t t i n g 
i n XRD patterns of ZSM-5 thus provides i n s i g h t s i n t o s u b t l e 
framework motions. 

In a d d i t i o n , s t r u c t u r a l s i m i l a r i t i e s can o f t e n be determined 
from c a r e f u l i n t e r p r e t a t i o n of XRD powder pat t e r n s . The powder 
patterns of o f f r e t i t e and e r i o n i t e look qu i t e d i f f e r e n t , but are 
e a s i l y understood i n terms of the c r y s t a l l o g r a p h i c consequences of 
a change i n the ordered l a y e r s t a c k i n g sequence (11), c f . Figure 4. 
In o f f r e t i t e , the l a y e r s are stacked i n an AAB sequence, w h i l e i n 
e r i o n i t e , they are ordered i n an AABAAC arrangement t h a t doubles 
one of the c r y s t a l l o g r a p h i c u n i t c e l l parameters. The doubled c-
parameter i s r e a d i l y deduced from an a n a l y s i s of the XRD powder 
p a t t e r n of e r i o n i t e . Another framework s t r u c t u r e e f f e c t , 
isomorphous s u b s t i t u t i o n , can r e s u l t i n changing u n i t c e l l s i z e s , 
observed as s h i f t s i n XRD l i n e p o s i t i o n s f o r such systems as X and 
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27. ROHRBAUGH & WU X-ray Diffraction Characteristics of Catalysts 287 

Y z e o l i t e s (12), i n which S i atoms are s u b s t i t u t e d f o r A l atoms i n 
the framework. Thus, t h i s e f f e c t has been used to monitor 
S i 0 2 / A l 2 0 r a t i o s , f o r example. 

Stacki n g f a u l t s and s t r u c t u r a l d i s o r d e r can produce s e l e c t i v e 
l i n e broadening and non-zero i n t e n s i t y f o r " e x t i n c t " r e f l e c t i o n s as 
i n ZSM-3 (13) and ZSM-34 (14). Figure 5 shows the appearance of 
the "odd £-lines" i n a ZSM-34 XRD p a t t e r n which are "forbidden" by 
the i d e a l framework t o p o l o g i c a l symmetry and u n i t c e l l parameters 
of o f f r e t i t e . I f the l i n e s were stronger and sharper, the XRD 
pa t t e r n could correspond to th a t of e r i o n i t e . I f they were s t i l l 
weak but sharp, i t could suggest a mixture of o f f r e t i t e and 
e r i o n i t e . Since these l i n e s are weak and broad, however, they 
suggest the presence of very small domains of e r i o n i t e intergrown 
w i t h l a r g e r o f f r e t i t e domains. The XRD p a t t e r n of ZSM-34 excludes 
from c o n s i d e r a t i o n a mixture of small c r y s t a l l i t e s of e r i o n i t e w i t h 
l a r g e c r y s t a l l i t e s of o f f r e t i t e , s i nce that would r e q u i r e a l l of 
the o f f r e t i t e peaks present i n the XRD pa t t e r n to have broad bases 
w i t h sharp apices. 

Extra-framework M a t e r i a l . Extra-framework m a t e r i a l , such as 
organic agents and disordered species l i k e water and coke can a l s o 
a f f e c t the i n t e n s i t i e s and p o s i t i o n s of XRD l i n e s . Organic 
d i r e c t i n g agents, such as tetrapropylammonium (TPA) ions i n some 
ZSM-5 pre p a r a t i o n s , can occupy s p e c i f i c p o s i t i o n s i n the z e o l i t e 
channels (15). I f the arrangement of t h i s organic matter i s 
ordered and p e r i o d i c , then the atoms comprising the TPA moiety can 
c o n t r i b u t e to the i n t e n s i t i e s of the x-ray d i f f r a c t i o n l i n e s as 
described i n our e a r l i e r d i s c u s s i o n . For smaller organic agents, 
s t e r i c hindrance w i t h i n the z e o l i t e channels could be s i g n i f i c a n t l y 
l e s s than f o r TPA, and thus we could t h i n k of t h e i r placement as 
being somewhat random. Therefore, we might expect the XRD powder 
patterns of ZSM-5 synthesized w i t h v a r i o u s organic agents t o d i f f e r 
s l i g h t l y i n appearance from tha t of the hydrogen form. Indeed, 
minor changes are p r e d i c t e d from c a l c u l a t e d XRD powder patterns 
(16) based on s i n g l e - c r y s t a l s t r u c t u r e coordinates f o r TPA-ZSM-5 
versus the framework only, c f . Figure 6, and are, i n f a c t , 
observed, c f . Figure 7 (17). Of course, c a l c i n a t i o n i n a i r of the 
ZSM-5 preparations e f f e c t i v e l y removes a l l c o n t r i b u t i o n s to the XRD 
pa t t e r n due to organic m a t e r i a l . 

Z e o l i t e l o a d i n g , e.g., wi t h water, ammonia, or sorbed 
o r g a n i c s , i s o f t e n observed i n the XRD powder p a t t e r n as a 
suppression of the i n t e n s i t i e s of the low-angle (high d-value) 
l i n e s r e l a t i v e to the "dry" form ( c f . Figure 7). Coke formation 
can introduce s t r a i n on the z e o l i t e framework r e s u l t i n g i n minor 
s h i f t s of d i f f r a c t i o n l i n e p o s i t i o n s as w e l l as i n t e n s i t y 
suppressions. In a d d i t i o n , the presence of i n o r g a n i c c a t i o n s i n 
z e o l i t e s can have s i g n i f i c a n t e f f e c t s on the c h a r a c t e r i s t i c s of the 
XRD powder p a t t e r n s . Harmotome (Ba) and p h i l l i p s i t e (K) are 
examples of i s o s t r u c t u r a l z e o l i t e s , but wi t h d i f f e r e n t c a t i o n s 
(18,19). The d i f f e r e n c e s i n the XRD p a t t e r n s , however, can be 
s u b s t a n t i a l as i n d i c a t e d i n Figure 8. 
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288 CHARACTERIZATION AND CATALYST DEVELOPMENT 

ZSM-34 A Faulted Offretite-like Material 

1 1 i 1 1 1 1 i 1 • • i • 
1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 

>2e 

Figure 5. An example of disordered s t a c k i n g f a u l t s . The 
d i f f r a c t i o n l i n e s denoted by ( ? ) are forbidden by the 
o f f r e t i t e framework, allowed f o r e r i o n i t e , and a l s o allowed 
f o r ZSM-34 due to s t a c k i n g f a u l t s between o f f r e t i t e l a y e r s . 
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27. ROHRBAUGH&WU X-ray Diffraction Characteristics of Catalysts 289 

Calculated Pattern for the ZSM-5 Framework 
1001 - i i rr~I—1 

TWO T H E T A 

Calculated Pattern for TPA-fluoride ZSM-5 

too I 1 1 n 1 

TWO T H E T A 

Figure 6. E f f e c t of extra-framework m a t e r i a l on XRD powder 
pa t t e r n s . C a l c u l a t e d XRD patterns f o r ZSM-5 w i t h and 
without ordered tetrapropylammonium and f l u o r i d e ions i n the 
u n i t c e l l . 
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290 CHARACTERIZATION AND CATALYST DEVELOPMENT 

A s Made Calcined 

22 30 
26 

Figure 7. Comparison of observed XRD patterns of ZSM-5 
synthesized w i t h d i f f e r e n t d i r e c t i n g agents. [TPA- t e t r a -
propylammonium bromide, PIPZ- p i p e r a z i n e , HXDM- hexane-1, 
6-diamine, HXDL- hexane-1,6-diol, and Na- organic free.] 
(Reproduced w i t h permission from r e f . 17. Copyright 1986 
Butterworth.) 
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27. ROHRBAUGH & WU X-ray Diffraction Characteristics of Catalysts 291 

Figure 8. Cation e f f e c t on XRD powder p a t t e r n s . C a l c u l a t e d 
XRD patterns f o r i s o s t r u c t u r a l z e o l i t e s with d i f f e r e n t 
i n o r g a n i c c a t i o n s - harmotome (Ba) and p h i l l i p s i t e (K). 
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292 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Morphology. C r y s t a l morphology, s i z e and shape, can be an 
important f a c t o r a f f e c t i n g z e o l i t e XRD powder p a t t e r n s . Previous 
d i s c u s s i o n has described some of the consequences of c r y s t a l l i t e 
s i z e , but c r y s t a l shape merits no l e s s a t t e n t i o n , p a r t i c u l a r l y f o r 
the cases of large r o d - l i k e or p l a t e - l i k e h a b i t s . When a powder of 
c r y s t a l l i t e s w i t h these shapes i s prepared f o r the XRD experiment, 
i t becomes extremely d i f f i c u l t t o pack a sample so t h a t the 
c r y s t a l l i t e s are randomly o r i e n t e d . Indeed, p r e f e r r e d o r i e n t a t i o n 
of the c r y s t a l l i t e s i s q u i t e l i k e l y , thus s t a t i s t i c a l l y b i a s i n g the 
numbers of s p e c i f i c c r y s t a l planes i n proper o r i e n t a t i o n f o r 
d i f f r a c t i o n at any given s c a t t e r i n g angle. The r e s u l t i s enhanced 
i n t e n s i t y f o r c e r t a i n c l a s s e s of r e f l e c t i o n s , thus producing an XRD 
powder p a t t e r n which appears d i f f e r e n t from others of the same 
m a t e r i a l w i t h a d i f f e r e n t c r y s t a l s i z e or shape, e.g., the patterns 
of ZSM-5 comprised of nearl y i s o m e t r i c c r y s t a l s (15 x 15 fim) versus 
a p r e p a r a t i o n comprised of c r y s t a l s 140 x 20 pm shown i n Figure 9 
(20). This comparison c l e a r l y demonstrates a profound d i f f e r e n c e 
i n the appearance of the XRD powder patterns induced by p r e f e r r e d 
o r i e n t a t i o n e f f e c t s . 

In cases where p r e f e r r e d o r i e n t a t i o n i s suspected, the e f f e c t 
can be f u r t h e r enhanced by packing the sample very t i g h t l y i n the 
XRD sample holder p r i o r t o data c o l l e c t i o n . Figure 10 d i s p l a y s the 
d i f f e r e n c e s i n XRD powder patterns f o r the same ZSM-5 sample 
r e s u l t i n g from loose and t i g h t packing i n the XRD sample holder. 
Emphasizing the p r e f e r r e d o r i e n t a t i o n e f f e c t can be valua b l e i n 
powder p a t t e r n indexing t o determine u n i t c e l l parameters and f o r 
p r o v i d i n g other information u s e f u l t o c r y s t a l l o g r a p h e r s i n 
s t r u c t u r e determinations. However, when s p e c i f y i n g XRD 
c h a r a c t e r i s t i c s of new m a t e r i a l s , one must endeavor t o recognize 
the p o s s i b i l i t y of p r e f e r r e d o r i e n t a t i o n , e.g., w i t h e l e c t r o n 
microscopy, and to account f o r the p o s s i b l e i n t e n s i t y a l t e r a t i o n s 
caused by i t . 

I m p u r i t i e s . Of course, the presence of i m p u r i t i e s i n a sample w i l l 
have a dramatic e f f e c t on the XRD c h a r a c t e r i s t i c s . Z e o l i t e 
p r e p a r a t i o n s , as synthesized, can contain both organic and 
ino r g a n i c i m p u r i t i e s . A f t e r washing and c a l c i n a t i o n , many 
i m p u r i t i e s become amorphous, and the r e s u l t i n g XRD powder pa t t e r n 
w i l l c l e a r l y show changes from the as-synthesized m a t e r i a l . Some 
i m p u r i t i e s , however, are s t a b l e to c a l c i n a t i o n and can make 
i d e n t i f i c a t i o n and c h a r a c t e r i z a t i o n of the m a t e r i a l ( e s p e c i a l l y a 
new m a t e r i a l ) rather d i f f i c u l t . This i s p a r t i c u l a r l y true f o r 
cases where only a small number of samples, prepared i n a narrow 
sy n t h e s i s regime, are a v a i l a b l e f o r XRD examination. Common 
i m p u r i t i e s found i n z e o l i t e preparations are the s t a b l e s i l i c a t e s , 
quartz and c r i s t o b a l i t e . 

In a c h a r a c t e r i z a t i o n study of Nu-13 (21), c f . F i g u r e s 11 and 
12, e l e c t r o n microscopy was used t o v e r i f y the presence of three 
s t a b l e c r y s t a l l i n e m a t e r i a l s . Figure 11 shows the e l e c t r o n 
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100 

(15 x 15 /mi) 

J 
25 

Degrees 2 9 

100-

(140 x 20 M m) 

5 0 -

5 15 25 35 
Degrees 28 

F i g u r e 9. P r e f e r r e d o r i e n t a t i o n - c r y s t a l morphology can 
a f f e c t ZSM-5 XRD powder p a t t e r n s . Here, c r y s t a l s w i t h very 
d i s s i m i l a r length and width (140 x 20 /im) produce XRD i n t e n 
s i t i e s t h a t d i f f e r g r e a t l y from those of nearly i s o m e t r i c 
c r y s t a l s (15 x 15 fim) . (Reproduced wit h permission from r e f . 
20. Copyright 1983 Butterworth.) 
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294 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Loose Packing in Sample Holder 

J\J\ . X > ^ AvU/L ̂  AJJL^JJ 

Tight Packing in Sample Holder 

°20 

Figure 10. E f f e c t of the p h y s i c a l preparation of a ZSM-5 
sample f o r XRD measurement.  P
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27. ROHRBAUGH & WU X-ray Diffraction Characteristics of Catalysts 295 

Figure 11. E l e c t r o n microscopy data f o r Nu-13. A t r a n s 
mission e l e c t r o n micrograph demonstrates the presence of 
three c r y s t a l morphologies. L a t t i c e parameters der i v e d from 
e l e c t r o n d i f f r a c t i o n p a t t e r n s f o r each c r y s t a l type confirm 
the composition of Nu-13 as a mixture of (a) ZSM-12, 
(b) c r i s t o b a l i t e , and (c) f e r r i e r i t e . 
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296 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Arel 

10.a 3 9 . 0 

20 

Figure 12. Deconvolution of the XRD powder p a t t e r n of Nu-13. 
The p a t t e r n i s a s u p e r p o s i t i o n of the ZSM-12 p a t t e r n w i t h 
a d d i t i o n a l l i n e s due to the presence of c r i s t o b a l i t e (C) and 
f e r r i e r i t e (F). 
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27. ROHRBAUGH & WU X-ray Diffraction Characteristics of Catalysts 297 

micrograph of three d i s t i n c t c r y s t a l types and the corresponding 
e l e c t r o n d i f f r a c t i o n p a t t e r n s . A n a l y s i s of t i l t - r o t a t e e l e c t r o n 
d i f f r a c t i o n data (22) revealed d i s t i n c t s e t s of l a t t i c e parameters, 
which were c o n s i s t e n t w i t h the composition of ZSM-12, f e r r i e r i t e , 
and c r i s t o b a l i t e suggested by a deconvolution of the XRD powder 
p a t t e r n of Nu-13. Thus, e l e c t r o n microscopy confirmed t h a t the 
observed XRD p a t t e r n f o r Nu-13 i s a c t u a l l y a s u p e r p o s i t i o n of the 
p a t t e r n s of ZSM-12, f e r r i e r i t e , and c r i s t o b a l i t e , c f . F i g u r e 12. 

Instrumental F a c t o r s . Instrumental f a c t o r s can produce marked 
d i f f e r e n c e s i n XRD patterns of i d e n t i c a l m a t e r i a l s and, i n some 
cases, be used e f f e c t i v e l y to l e a r n more about the s t r u c t u r a l 
nature of them. D i f f e r e n t x-ray wavelengths can a l t e r a bsorption 
c h a r a c t e r i s t i c s and change the observed s c a t t e r i n g angles (20's). 
Of course, the c r y s t a l i n t e r p l a n a r d-spacings remain constant 
(Bragg's law) and appropriate absorption c o r r e c t i o n s can be a p p l i e d 
to observed i n t e n s i t i e s . Monochromators can help e l i m i n a t e 
fluorescence background and remove sometimes confusing m u l t i p l e -
wavelength d i f f r a c t i o n p a t t e r n s , e.g., f o r N i - f i l t e r e d Cu 
r a d i a t i o n - Ko^a^ plus K/7 l i n e s are observed. Theta-compensating 
s l i t systems can produce patterns f o r the same m a t e r i a l w i t h 
d i f f e r e n t r e l a t i v e i n t e n s i t i e s compared to XRD instruments equipped 
w i t h f i x e d - s l i t systems, and a d i r e c t c o r r e l a t i o n of i n t e n s i t i e s 
between the two systems i s not g e n e r a l l y p o s s i b l e . F i n a l l y , care 
must be ex e r c i s e d i n the use of divergence s l i t systems ( f i x e d or 
v a r i a b l e ) , to insure t h a t the beam i s f u l l y subtended by the sample 
at a l l measured d i f f r a c t i o n angles. 

D i f f r a c t i o n geometry can be extremely important, e s p e c i a l l y 
f o r m a t e r i a l s whose morphologies suggest p r e f e r r e d o r i e n t a t i o n 
problems f o r the XRD experiment. With the higher x-ray f l u x e s now 
a v a i l a b l e at synchrotron sources and focussed i n c i d e n t x-rays 
provided by some d i f f r a c t o m e t e r systems using conventional sources, 
t r a n s m i s s i o n and Debye-Scherrer geometries become f e a s i b l e . F i g u r e 
13 shows the e f f e c t geometry has on the i n f o r m a t i o n obtained i n an 
XRD powder p a t t e r n f o r Mo0 3, a m a t e r i a l w i t h a t h i n p l a t e 
morphology. Here we compare the d i f f r a c t i o n patterns i n 
r e f l e c t i o n , t r a n s m i s s i o n , and Debye-Scherrer geometries (23). I t 
i s c l e a r t h a t c h a r a c t e r i z a t i o n of a m a t e r i a l of t h i s type, using 
only conventional r e f l e c t i o n geometry, could be misleading. 

XRD - Present and Future 

F i n a l l y , we must consider the recent a v a i l a b i l i t y of synchrotron x-
ray sources f o r i n d u s t r i a l use. The high r e s o l u t i o n now made 
p o s s i b l e by these sources produces z e o l i t e XRD powder patterns w i t h 
f e a t u r e s perhaps c a l c u l a t e d , but never observed before. F i g u r e 14 
shows the enhanced r e s o l u t i o n from a synchrotron experiment versus 
t h a t obtained from a conventional one. Here the XRD patterns of 
ZSM-5 c l e a r l y demonstrate the enhanced r e s o l u t i o n and wealth of 
d i f f r a c t i o n information t h a t can be obtained at such sources as the 
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298 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 13. E f f e c t of d i f f r a c t i o n geometry on XRD powder 
pa t t e r n s . 
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Figure 14. Comparison of conventional (sealed tube) and 
synchrotron x-ray d i f f r a c t i o n p atterns f o r ZSM-5. Enhanced 
r e s o l u t i o n from the synchrotron apparatus permits the a s s i g n 
ment of c r y s t a l l o g r a p h i c i n d i c e s to i n d i v i d u a l d i f f r a c t i o n 
maxima. 
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300 CHARACTERIZATION AND CATALYST DEVELOPMENT 

N a t i o n a l Synchrotron L i g h t Source at Brookhaven N a t i o n a l 
Laboratory. With data such as these, s t r u c t u r a l research e f f o r t s 
are b o l s t e r e d s i g n i f i c a n t l y and, as was mentioned at the beginning 
of t h i s d i s c u s s i o n , knowledge of the atomic p o s i t i o n s i n space i s 
of immense value i n the c h a r a c t e r i z a t i o n of a m a t e r i a l . 

X-ray powder d i f f r a c t i o n has been the primary t o o l used i n 
z e o l i t e s t r u c t u r e research. With new h i g h - f l u x sources, the s i z e 
requirement of u s e f u l s i n g l e - c r y s t a l s f o r s t r u c t u r e determination 
s t u d i e s has decreased s i g n i f i c a n t l y . In a d d i t i o n , refinements of 
atomic coordinates of known s t r u c t u r e s using R i e t v e l d powder 
techniques have become common (24). The s o l u t i o n of a dozen or 
more new z e o l i t e s t r u c t u r e types w i t h i n the l a s t s e v e r a l years has 
added to our knowledge base f o r l o o k i n g at unknowns ( f o r examples, 
see references 25-31), and has made us be t t e r able t o c h a r a c t e r i z e 
c a t a l y s t m a t e r i a l s and t o c o r r e l a t e s y n t h e s i s , s o r p t i v e , c a t a l y t i c , 
and process parameters to t h e i r s t r u c t u r e s (32,33). 

Summary 

The i d e n t i f i c a t i o n and c h a r a c t e r i z a t i o n of new c a t a l y s t m a t e r i a l s 
are important and often very complex t a s k s . When the c a t a l y s t s are 
c r y s t a l l i n e s o l i d s , d i f f r a c t i o n techniques have c l e a r advantages 
over most other c h a r a c t e r i z a t i o n t o o l s . Since, as discussed, every 
atom i n a c r y s t a l c o n t r i b u t e s t o every observed d i f f r a c t i o n peak, 
XRD powder patterns are t r u l y r e p r e s e n t a t i v e of the m a t e r i a l being 
s t u d i e d . The arrangement of atoms d i c t a t e s the n d - s p a c i n g s n and 
i n t e n s i t i e s observed i n the XRD powder p a t t e r n . As t h a t 
arrangement of atoms i s c h a r a c t e r i s t i c of the m a t e r i a l , then too i s 
the XRD powder p a t t e r n . 

I t has been shown how va r i o u s f a c t o r s can a f f e c t the 
appearance of XRD patterns and how the s u b t l e d i f f e r e n c e s i n those 
patterns can be used to gain v a l u a b l e s t r u c t u r a l and 
c h a r a c t e r i z a t i o n information. I t i s c l e a r that i n order t o 
understand a m a t e r i a l and defin e i t p r o p e r l y , a l l of these f a c t o r s 
must be examined c a r e f u l l y . Techniques i n a d d i t i o n t o XRD, 
p a r t i c u l a r l y e l e c t r o n microscopy, but a l s o s o r p t i o n and 
spectroscopy, should be u t i l i z e d when attempting to understand the 
nature of a new c a t a l y s t m a t e r i a l . F i n a l l y , i t must be recognized 
t h a t published XRD powder data f o r a given m a t e r i a l can t e l l much 
about i t s s t r u c t u r a l nature; but, to i n t e r p r e t the XRD data 
p r o p e r l y , i t i s a l s o necessary to be aware of sample h i s t o r y , data 
c o l l e c t i o n parameters, morphology, e t c . In short, one must know as 
much as p o s s i b l e about the v a r i o u s f a c t o r s t h a t a f f e c t the x-ray 
d i f f r a c t i o n c h a r a c t e r i s t i c s of c a t a l y s t m a t e r i a l s . 
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Chapter 28 

Characterization of the New Zeolite ECR-1 

D. E . W. Vaughan, M . E . Leonowicz1, and K. G. Strohmaier 

Exxon Research and Engineering Company, Annandale, N J 08801 

Results from diverse experimental methods 
were combined to arrive at structure proposals 
for ECR-1, a typical example of a micro-
crystalline zeolite. The zeolite features a 12-
ring single channel, formed by a regular 
alternation of connected sheets of mordenite 
and mazzite. Crucial clues to the structure 
came from the HREM observation of a mazzite 
epitaxial overgrowth on an ECR-1 crysta l . 
Electron and x-ray di f fract ion, infra-red 
spectroscopy and synthesis phase relationships 
were essential additional data sources. 

Knowing t h e s t r u c t u r a l t o p o l o g y o f a new z e o l i t e 
a l l o w s one, by an a l o g y w i t h t h e p r o p e r t i e s o f o t h e r 
e s t a b l i s h e d and w e l l researched z e o l i t e s , t o r e a d i l y assess 
p o t e n t i a l a p p l i c a t i o n s f o r the new m a t e r i a l . However, 
r a r e l y do new s y n t h e t i c z e o l i t e s grow as c r y s t a l s l a r g e 
enough t o be r a p i d l y a n a l y z e d by s i n g l e c r y s t a l d i f f r a c t i o n 
methods. A l t h o u g h s i n g l e m i c r o - c r y s t a l a n a l y s e s (<10^|lm^) 
u s i n g s y n c h r o t r o n r a d i a t i o n have been demonstrated(1), such 
methods s t i l l a w ait r o u t i n e a p p l i c a t i o n . S i m i l a r l y , new 
developments i n t h e a p p l i c a t i o n o f d i r e c t methods t o 
z e o l i t e powder s a m p l e s ( 2 ) , a l t h o u g h b e g i n n i n g t o be 
s u c c e s s f u l (3) , have y e t t o meet wider t e s t i n g . They may 
have p a r t i c u l a r problems i n a p p l i c a t i o n t o e i t h e r h i g h 
symmetry m a t e r i a l s , or those having pseudo-symmetry, which 
have many o v e r l a p p i n g d i f f r a c t i o n peaks. A new z e o l i t e 
s t r u c t u r e s o l u t i o n t h e r e f o r e l a r g e l y remains a d e t e c t i v e 
e x e r c i s e , where one a c c u m u l a t e s i n d i r e c t and 
c i r c u m s t a n t i a l evidence u n t i l a p o i n t i s reached where i t 

Current address: Mobil Research and Development Corporation, Paulsboro, NJ 08066 

0097-6156/89/0411-0303$06.00/0 
c 1989 American Chemical Society 
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304 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i s p o s s i b l e t o propose and t e s t a model s t r u c t u r e . T h i s 
g e n e r a l approach has been r e c e n t l y d e s c r i b e d by Thomas and 
Vaughan(4). 

In r e c e n t years the p u b l i c a t i o n of many t h e o r e t i c a l 
s t r u c t u r e s p r o v i d e s a coarse screen a g a i n s t which one can 
compare r e a d i l y a v a i l a b l e d i f f r a c t i o n p a t t e r n s o r u n i t c e l l 
v a l u e s . The recent syntheses of two such s t r u c t u r e s - TAMU-
1(5) and VPI-5(6) - are w i t n e s s t o t he u t i l i t y of these 
t h e o r e t i c a l t a b u l a t i o n s , not o n l y f o r t h e c o n v e n t i o n a l 
a l u m i n o - s i l i c a t e z e o l i t e s , but a l s o t h e i n c r e a s i n g number 
of s u b s t i t u t e d z e o l i t e s and phosphates. However, the ECR-1 
s t r u c t u r e p r o p o s a l (7) was not i n any of the p r e s e n t l y 
known s t r u c t u r e t a b u l a t i o n s . 

The p r o p o s e d s t r u c t u r e f o r ECR-1 was s o l v e d by 
accu m u l a t i n g evidence from many " t r a d i t i o n a l " s o u rces, such 
as t h e s y n t h e s i s phase r e l a t i o n s h i p s , powder x - r a y 
d i f f r a c t i o n (PXD) and e l e c t r o n d i f f r a c t i o n (ED), m o l e c u l a r 
p robe s o r p t i o n , i n f r a - r e d a n a l y s i s (IR) and e l e c t r o n 
microscopy (EM). I n i t i a l u n s u c c e s s f u l models were based on 
extended m e r l i n o i t e frameworks, f o l l o w e d by m o d i f i c a t i o n s 
based on mordenite. The o b s e r v a t i o n o f c r y s t a l overgrowths 
of m a z z i t e i n h i g h r e s o l u t i o n l a t t i c e images was the key t o 
r e c o g n i z i n g t h e c o m p a t i b i l i t y o f m o r d e n i t e and m a z z i t e 
s t r u c t u r a l l a y e r s , and t h a t i n t i m a t e i n t e r g r o w t h o f the two 
s t r u c t u r e s was p o s s i b l e . 

S y n t h e s i s and Chemical P r o p e r t i e s 

ECR-1 c r y s t a l l i z e s from a b i s 2 ( h y d r o x y e t h y l ) - d i m e t h y l 
ammonium (DHEDM) te m p l a t e d g e l at temperatures above about 
100°C (8) , and seems t o be ve r y template s p e c i f i c , i n the 
sense t h a t a p a r t i c u l a r c a t i o n s t e r e o - c h e m i s t r y i s necessary 
b o t h t o i n i t i a t e and propagate the s t r u c t u r e . Below 100°C 
f a u j a s i t e i s t h e p r i m a r y p r o d u c t , o c c l u d i n g t h i s 
alkylammonium c a t i o n i n the supercage. When the template i s 
t e t r a m e t h y l ammonium (TMA), m a z z i t e c o c r y s t a l l i z e s w i t h 
f a u j a s i t e , and i s the o n l y product a t l o n g c r y s t a l l i z a t i o n 
t i m e s . Syntheses w i t h templates contaminated w i t h o n l y s m a l l 
amounts o f TMA caused the n u c l e a t i o n and c r y s t a l l i z a t i o n of 
m a z z i t e a t temp e r a t u r e s over 100°C, and i n c r e a s i n g S i / A l 
r a t i o s i n t he s y n t h e s i s g e l move the c r y s t a l l i n e p r o d u c t s 
i n t o the mordenite phase s t a b i l i t y f i e l d . O t h e r d e t a i l s of the 
s y n t h e s i s of ECR-1 are presented i n a companion paper a t t h i s 
c o n f e r e n c e (9) . S u f f i c e i t t o say t h a t ECR-1 i s a s p e c i f i c 
t e m p l a t e d i r e c t e d boundary phase, c r y s t a l l i z i n g i n a 
r e s t r i c t e d r e g i o n between the major c r y s t a l l i z a t i o n f i e l d s of 
mazz i t e and mordenite, the former seemingly f a v o r e d by TMA 
(as an i m p u r i t y i n , o r d e g r a d a t i o n product of DHEDM) and the 
l a t t e r by h i g h e r S i / A l g e l r a t i o s . 

The c h e m i c a l a n a l y s e s o f s e v e r a l ECR-1 samples were 
s i m i l a r t o mazzite (Si/Al=2.6 f o r the mineral(10) and 3.2 f o r 
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28. VAUGHANETAL. Characterization of the New Zeolite ECR-1 305 

s y n t h e t i c p r o d u c t s ) , w i t h S i / A l = 3.4, r a t h e r than mordenite 
( S i / A l > 5 ) , i n d i c a t i n g a p o s s i b l e c l o s e r e l a t i o n s h i p between 
ECR-1 and m a z z i t e . However, the new z e o l i t e forms l o n g l a t h 
l i k e c r y s t a l s - a morphology v e r y s i m i l a r t o mordenite i n 
n a t u r a l and s y n t h e t i c o ccurrences. 
S o r p t i o n P r o p e r t i e s 

E x p e r i m e n t s t o o p t i m i z e t h e ECR-1 c r y s t a l l i z a t i o n 
r e s u l t e d i n a p p a r e n t l y pure ECR-1 on the b a s i s o f PXD and 
sca n n i n g EM a n a l y s e s , but some samples had v a r i a b l e hexane 
s o r p t i o n p r o p e r t i e s r e m i n i s c e n t o f l a r g e and s m a l l p o r t 
mordenite, o f f r e t i t e or g m e l i n i t e . V a r i a t i o n s i n hydrocarbon 
s o r p t i o n c a p a c i t i e s u s u a l l y i n d i c a t e blockage of the channels 
i n t h e s e s t r u c t u r e s by f a u l t i n g , i n t e r g r o w t h s o f secondary 
c o e x i s t e n t s t r u c t u r e s (such as c h a b a z i t e i n g m e l i n i t e , or 
e r i o n i t e i n o f f r e t i t e ) , d e t r i t a l g e l components or r e s i d u a l 
coke from t h e t e m p l a t e burn o f f p r o c e d u r e . I n optimum 
m a t e r i a l , s o r p t i o n i s otherms f o r l i n e a r hydrocarbons were 
s i m i l a r t o those f o r o f f r e t i t e o r L (FIGURE 1) , h a v i n g a 
maximum n-hexane c a p a c i t y o f 8wt.%, and s i m i l a r but slower 
s o r p t i o n o f cyclo-hexane, i n d i c a t i n g a p o s s i b l e 10- or 12-
r i n g channel system. 

T h e r m o g r a v i m e t r i c a n a l y s e s (FIGURE 2) showed t h a t the 
d i m e t h y l d i e t h y l ammonium template was removed from ECR-1 at 
about 450°C and from the ECR-4 f a u j a s i t e (11) supercage at 
about 350°C. In c o n t r a s t , TMA i s removed from from the 
ma z z i t e 8 - r i n g g m e l i n i t e cages a t about 560°C, and TEA(12) 
from the Linde L 1 2 - r i n g channels a t 460°C, i n d i c a t i n g t h a t 
ECR-1 p r o b a b l y had a 10- or 1 2 - r i n g pore o p e n i n g . A f t e r 
p u r g i n g o f the t e m p l a t e from optimum ECR-1 samples, the 
z e o l i t e sorbed between 14 and 15% wt. of water. 

S p e c t r o s c o p i c Analyses 
2 9Si-MASNMR s p e c t r a o f ECR-1 a r e complex, and 

attempts t o dealuminate ECR-1 were u n s u c c e s s f u l , making such 
i n f o r m a t i o n d i f f i c u l t t o i n t e r p r e t ( the ECR-1 models t u r n 
out t o have t e n d i f f e r e n t T atoms) . A t y p i c a l ECR-1 IR 
spectrum i s compared w i t h s p e c t r a f o r m a z z i t e and mordenite 
i n FIGURE 3, and c o n t a i n s two sharp peaks a t 1210 and 1240 
cm" 1, a r e g i o n p r e v i o u s l y a s s i g n e d t o 5 - r i n g elements(13) . 
Mor d e n i t e shows a peak a t 1220 cm" 1 but m a z z i t e shows no 
a b s o r p t i o n i n t h i s r e g i o n , even though the s t r u c t u r e c o n t a i n s 
5 - r i n g s . ECR-1 a l s o has a 6 - r i n g peak a t 615 cm""1, i n the 
i d e n t i c a l p o s i t i o n t o m a z z i t e , and mo r d e n i t e has s t r o n g 
a b s o r p t i o n s at 580 and 625 cm""1. These a n a l y s e s strengthened 
our o r i e n t a t i o n towards 5 - r i n g s t r u c t u r e s o f the mordenite 
t y p e . However, many proposed t h e o r e t i c a l p o s s i b i l i t i e s i n 
t h i s system (14, 15) f a i l e d t o g i v e the r e q u i r e d u n i t c e l l 
v a l u e s . 
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FIGURE 1: Hexane isotherms (21°C) f o r Linde KL and Na, H 
ECR-1 ( a f t e r b u r n i n g out the t e m p l a t e ) . 
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FIGURE 2: Thermogravimetric analyses f o r ECR-1, Linde 
Omega (mazzite) and ECR-4 ( f a u j a s i t e ) , run at 10°C/min. 
i n a i r , u s i n g a DuPont 951/1090 TGA. The d i s t i n c t i v e 
h i g h temperature weight l o s s e s represent the 
decomposition and d e s o r p t i o n of the o r g a n i c "templates" 
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28. VAUGHAN ET AL. Characterization of the New Zeolite ECR-1 307 

FIGURE 3: IR s p e c t r a f o r ECR-1, mordenite and Linde 
Omega (m a z z i t e ) , showing common framework v i b r a t i o n s , 
and a d i s t i n c t i v e 5 - r i n g doublet at 1210 and 1240cm.-1 
f o r ECR-1. 
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308 CHARACTERIZATION AND CATALYST DEVELOPMENT 

X-ray and E l e c t r o n D i f f r a c t i o n A n a l y s i s 

Most i n i t i a l syntheses of ECR-1 were contaminated w i t h 
analcime, and a c u r s o r y e v a l u a t i o n of PXD p a t t e r n s showed a 
s i m i l a r i t y t o those of mordenite and ma z z i t e (FIGURE 4 ) , but 
w i t h d i s t i n c t i v e d i f f e r e n c e s . Scanning EM c l e a r l y showed on l y 
one phase i n a d d i t i o n t o analc i m e , and l a t e r samples were 
c l e a r l y monophasic. In both cases the data r e s i s t e d i n d e x i n g 
by c o n v e n t i o n a l computer t e c h n i q u e s , p r o b a b l y due t o the 
combined e f f e c t o f d i s p a r a t e c e l l l e n g t h s and s y s t e m a t i c 
absences i n the p a t t e r n s ( v i d e i n f r a ) . The u n i t c e l l 
g e o m etry was e l u c i d a t e d w i t h s e l e c t e d a r e a e l e c t r o n 
d i f f r a c t i o n e x p e r i m e n t s , a l t h o u g h a complete d e s c r i p t i o n o f 
the l a t t i c e from p a t t e r n s t i l t e d about a common r e c i p r o c a l 
l a t t i c e v e c t o r c o u l d not be o b t a i n e d because o f i n s t r u m e n t a l 
c o n s t r a i n t s . A p p r o x i m a t e c e l l c o n s t a n t s o b t a i n e d from 
e l e c t r o n d i f f r a c t i o n p a t t e r n s o f t h e t h r e e p r i n c i p a l 
r e c i p r o c a l l a t t i c e p r o j e c t i o n s , shown i n FIGURE 5 were used 
t o i n d e x t h e PXD p a t t e r n w i t h a p r i m i t i v e o r t h o r h o m b i c u n i t 
c e l l h a v i n g l e a s t - s q u a r e s r e f i n e d v a l u e s o f a=7.310(4 ) A ; 
b=18.144(6 ) A ; £=26.31(1)A. Furthermore, t h e hkO p r o j e c t i o n 
d i s p l a y e d a s y s t e m a t i c e x t i n c t i o n c o n d i t i o n h+k=2n+l, 
i m p l y i n g an n - g l i d e plane normal t o the 26A a x i s . Pmmn i s the 
o n l y c e n t r o - s y m m e t r i c space group c o n s i s t e n t w i t h t h e s e 
d i f f r a c t i o n d a t a . 

U n i t c e l l c o n s t a n t s p l a y a c r i t i c a l r o l e i n z e o l i t e 
s t r u c t u r e d e t e r m i n a t i o n w i t h model b u i l d i n g t e c h n i q u e s . 
D i f f e r e n t t h r e e d i m e n s i o n a l frameworks o f t e n c o n t a i n common 
s t r u c t u r a l s u b u n i t s , the presence o f which are i n d i c a t e d by 
"magic number" l a t t i c e c o n s t a n t s , such as 5A, 7.5A and lOA. 
Such d i v e r s e s t r u c t u r e t y p e s as o f f r e t i t e , m a z z i t e , L i n d e L, 
mordenite and the h y p o t h e t i c a l omega s t r u c t u r e a l l c o n t a i n 
c o r r u g a t e d t h r e e t e t r a h e d r a c h a i n s , r e p e a t i n g every 7.5A, and 
i n t e r c o n n e c t e d t o form 8 - r i n g p o r e s normal t o t h e c h a i n . 
Thus, the presence of a 7.5A u n i t c e l l c onstant i n an unknown 
s t r u c t u r e suggests t h i s candidate c o n n e c t i v i t y . The l a s t f o u r 
s t r u c t u r e s l i s t e d above a l s o have an 18A c e l l c o n s t a n t , but 
l o n g r e p e a t d i s t a n c e s a l l o w so many p e r m u t a t i o n s i n 
t e t r a h e d r a l c o n n e c t i v i t y t h a t s i m i l a r i t i e s a r e t e n u o u s . 
However, some assumptions must be made about t h e t o p o l o g y of 
complex, unknown s t r u c t u r e s t o reduce the degrees o f freedom 
t o manageable p r o p o r t i o n s i n model b u i l d i n g . S i m i l a r i t i e s i n 
u n i t c e l l v a l u e s and symmetries between known and unknown 
s t r u c t u r e s may i n d i c a t e a s t a r t i n g p o i n t . F o r ECR-1 t h e 
combined d a t a d e s c r i b e d i n the p r e v i o u s s e c t i o n s i n d i c a t e d 
t h a t m o r d e n i t e , a s t r u c t u r e w i t h a c e n t e r e d o r t h o r h o m b i c 
l a t t i c e o f di m e n s i o n s 18A x 20A x 7. 5A, would be a good 
c a n d i d a t e s t r u c t u r e . U n f o r t u n a t e l y , e f f o r t s t o i n t e r c o n n e c t 
7 . 5 A x 18A mordenite sheets w i t h i n t h e c o n s t r a i n t s o f Pmmn, 
w h i l s t s t r e t c h i n g t h e r e p e a t d i s t a n c e from 20A t o 26A were 
u n s u c c e s s f u l . Models based on m o d i f i c a t i o n s o f o t h e r r e l a t e d 
frameworks were e q u a l l y d i s a p p o i n t i n g . 
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WwAj 

S870 
S889 
S871 

LA 111 ECR-1 

MAZ. 

0.0 4.0 8.0 12.0 18.0 20.0 24.0 28.0 32.0 38.0 40.0 
Two-Theta (Degrees) 

FIGURE 4: A c o m p a r i s o n o f PXD p a t t e r n s f o r m o r d e n i t e , 
ECR-1 a n d L i n d e Omega ( m a z z i t e ) . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
02

8



310 CHARACTERIZATION AND CATALYST DEVELOPMENT 

FIGURE 5: ED p a t t e r n s o f d i f f e r e n t p r o j e c t i o n p l a n e s i n 
ECR-1: a c , ab and c b . 
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28. VAUGHAN ETAL. Characterization of the New Zeolite ECR-1 311 

High R e s o l u t i o n L a t t i c e Imaging 

H i g h r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y 
(HRTEM) l a t t i c e imaging has r e c e n t l y been demonstrated as one 
of the most p o w e r f u l methods o f s o l v i n g unknown z e o l i t e 
s t r u c t u r e s ( 1 6 ) . The f a i l u r e t o s o l v e the ECR-1 s t r u c t u r e by 
a l t e r n a t e methods c l e a r l y i n d i c a t e d t h a t HRTEM was the 
p r e f e r r e d a p p r o a c h , p a r t i c u l a r l y as t h e s o r p t i o n d a t a 
i n d i c a t e d the presence o f l a r g e channels and the p o s s i b i l i t y 
o f s t r u c t u r a l f a u l t i n g . U n f o r t u n a t e l y , samples t h i n enough 
f o r imaging along the l a t h a x i s , the d i r e c t i o n of any 10- or 
1 2 - r i n g channels i n the m a t e r i a l , r e q u i r e d u l t r a m i c r o t o m y of 
embedded c r y s t a l l i t e s . Microscopy e f f o r t s were a l s o hampered 
by t h e s e n s i t i v i t y o f the z e o l i t e s t o damage by the 120KV 
beam of the P h i l i p s 420ST TEM t h a t was a v a i l a b l e f o r the 
imaging e x p e r i m e n t s ; low dose t e c h n i q u e s were employed t o 
o b t a i n l a t t i c e images of ECR-1 w i t h t h i s i n s t r u m e n t . 

L a t t i c e images t a k e n normal t o t h e l a t h a x i s were 
s t r u c t u r a l l y u n i n f o r m a t i v e , but r e g u l a r i t y i n t h e f r i n g e 
p a t t e r n s s u g g e s t e d t h a t f a u l t i n g was not an i m p o r t a n t 
mechanism i n channel blockage ( FIGURE 6 ). The d e f i c i e n c i e s 
i n s o r p t i o n p r o p e r t i e s t h e r e f o r e p r o b a b l y r e s u l t from a 
co m b i n a t i o n o f the h i g h aspect r a t i o o f t he l a t h c r y s t a l s 
( i e . v e r y l o n g channels) and d e t r i t a l m a t e r i a l o c c l u d e d i n 
the c h a n n e l s . Images a l o n g the l a t h a x i s were much more 
r e v e a l i n g , showing a r e g u l a r a r r a y of c i r c u l a r channels. One 
such image showed a t w i n mode of ECR-1 t h a t p r o v i d e d key 
s t r u c t u r a l i n f o r m a t i o n . In the micrograph shown i n FIGURE 7 a 
hexagonal phase i s observed t o s y n t a c t i c a l l y overgrow on an 
ECR-1 l a t h , s h a r i n g a t w i n plane d e f i n e d by the 7 . 5A x 18A 
d i r e c t i o n s . D e t a i l e d e x amination o f the c o n t r a s t p a t t e r n s i n 
t h i s r e g i o n of the micrograph r e v e a l s t h a t the l a y e r used t o 
c o n s t r u c t the hexagonal phase i s a l s o p r e s e n t i n the ECR-1 
r e g i o n o f t h e c r y s t a l l i t e , but w i t h a d i f f e r e n t l a y e r 
i n t e r p o s e d t o extend the p e r i o d i c i t y t o 26A. T h i s suggests 
t h a t ECR-1 and i t s hexagonal overgrowth phase share a common 
s t r u c t u r a l l a y e r . A l t h o u g h n a i v e i n t e r p r e t a t i o n o f l a t t i c e 
images can be m i s l e a d i n g because c o n t r a s t l e v e l s are s t r o n g l y 
a f f e c t e d by sample t h i c k n e s s and o r i e n t a t i o n and by 
mic r o s c o p e defocus ( w e l l i l l u s t r a t e d by t h e examples i n 
(17 ) ) ; such a f f e c t s s h ould be minimal i n the s h o r t d i s t a n c e s 
over which t h i s overgrowth extends. 

Three w e l l known z e o l i t e s t r u c t u r e types - Linde L ( 1 8 ) , 
m a z z i t e (19) and the h y p o t h e t i c a l omega-structure(20) - have 
e s s e n t i a l l y i d e n t i c a l hexagonal l a t t i c e c o n s t a n t s w i t h a=18A 
and £=7 . 5A, but o n l y m a z z i t e has a 7. 5A x 18A l a y e r t h a t 
c o n t a i n s an n - g l i d e p l a n e o p e r a t o r ; the t h i c k n e s s of t h i s 
l a y e r i s -15.5A. I f the hexagonal overgrowth i s m a z z i t e , the 
e l e c t r o n m i c r o g r a p h i n t e r p r e t a t i o n i m p l i e s t h a t ECR-1 
com p r i s e s m a z z i t e s h e e t s i n t e r c o n n e c t e d w i t h some o t h e r 
s u b u n i t t o form t h e o b s e r v e d 2 6A r e p e a t d i s t a n c e . The 
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312 CHARACTERIZATION AND CATALYST DEVELOPMENT 

FIGURE 6: L a t t i c e image o f t h e c r y s t a l s i d e v i e w a l o n g 
t h e ECR-1 l a t h s ( O i l ) , s h o w i n g a h i g h d e g r e e o f 
r e g u l a r i t y , a n d no e v i d e n c e o f d e f e c t s a s s o c i a t e d w i t h 
c h a n n e l b l o c k a g e .  P
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28. VAUGHAN ET AL. Characterization of the New Zeolite ECR-1 313 

FIGURE 7: L a t t i c e image of the s e c t i o n normal t o the 
l a t h l e n g t h , showing c i r c u l a r f e a t u r e s equated w i t h 12-
r i n g channels i n ECR-1(a), a t r a n s i t i o n zone 
co r r e s p o n d i n g t o a mazzite t w i n p l a n e ( c ) , and a s u r f a c e 
overgrowth of mazzite(b) showing the c h a r a c t e r i s t i c 
hexagonal arrangements of channels. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
02

8



314 CHARACTERIZATION AND CATALYST DEVELOPMENT 

s t r u c t u r e model m a t e r i a l i z e d w i t h t h e r e c o g n i t i o n t h a t 
m ordenite has a -10.5A t h i c k ( 26A - 15.5A ), 7 . 5A x 18A 
sheet c o n t a i n i n g an n_-glide p l a n e , and t h a t i t can be 
i n t e r p o s e d w i t h t h e m a z z i t e sheet w h i l e s i m u l t a n e o u s l y 
f u l f i l l i n g t h e symmetry r e q u i r e m e n t s o f Pmmn and the 
c o n s t r a i n t s of th r e e d i m e n s i o n a l t e t r a h e d r a l network bonding; 
t h e i n t e r c o n n e c t i o n o f m a z z i t e and mo r d e n i t e s h e e t s i s 
i l l u s t r a t e d i n FIGURE 8. 

Even w i t h i n t he u n i t c e l l and symmetry c o n s t r a i n t s of 
t h i s system, t h e r e are two ways t o i n t e r c o n n e c t m a z z i t e and 
mordenite sheets i n t h r e e dimensions - one r e l a t e d t o the 
ot h e r by a s h i f t of aV2. D i f f e r e n t i a t i o n o f the two models 
w i l l be b e s t r e s o l v e d by f u l l R i e t v e l d r e f i n e m e n t o f the 
observed d a t a . T h i s s i t u a t i o n of s e v e r a l r e l a t e d s t r u c t u r e s 
h a v i n g t h e same two d i m e n s i o n a l p r o j e c t i o n s but d i f f e r e n t 
t h r e e d i m e n s i o n a l c o n n e c t i v i t y i s common i n z e o l i t e 
s t r u c t u r a l c h e m i s t r y ( eg. ma z z i t e - omega; s e v e r a l members 
of the ABC-6 f a m i l y o f s t r u c t u r e s ) . 

S t r u c t u r a l M o d e l l i n g 

The o b j e c t i v e o f s t r u c t u r e m o d e l l i n g i s the i n v e n t i o n 
of a z e o l i t e s t r u c t u r e having a t h e o r e t i c a l x-ray d i f f r a c t i o n 
p a t t e r n (21) t h a t matches the PXD spectrum f o r the unknown 
e x p e r i m e n t a l m a t e r i a l . A s h o r t - c u t i s t o use a p r e v i o u s l y 
g e n e r a t e d source o f PXD p a t t e r n s f o r the many t h e o r e t i c a l 
s t r u c t u r e s a l r e a d y d e s c r i b e d i n the l i t e r a t u r e (eg. see 22). 
A l t h o u g h such a v a l u a b l e d a t a bank has been proposed by 
Smith (23), i t i s not y e t funded o r a v a i l a b l e , except i n 
p a r t i a l form w i t h i n a few i n d i v i d u a l companies and u n i v e r s i t y 
departments. 

To s u b s t a n t i a t e a p r o p o s e d model s t r u c t u r e , t h e 
e x p e r i m e n t a l PXD p a t t e r n must compare f a v o r a b l y w i t h the 
computer generated p a t t e r n f o r the model. R e g a r d l e s s of the 
source of the model, a c c u r a t e atom p o s i t i o n s are r e q u i r e d i n 
ord e r t o c a l c u l a t e a c c u r a t e u n i t c e l l v a l u e s , which are the 
s t a r t i n g p o i n t f o r g e n e r a t i n g the PXD p a t t e r n . In the case of 
z e o l i t e framework atoms, such d a t a can be o b t a i n e d from 
d i s t a n c e l e a s t s q u a r e s (DLS) r e f i n e m e n t o f t h e model 
s t r u c t u r e ( 2 4 ) . The c o m p a t i b i l i t y o f the u n i t c e l l v a l u e s of 
the proposed framework w i t h the observed e x p e r i m e n t a l v a l u e s , 
i s a good i n d i c a t o r of model v a l i d i t y . Weighted mean r e s i d u a l 
v a l u e s l e s s t han 2% are c o n s i d e r e d i n d i c a t i o n s o f good 
agreements w i t h u n i t c e l l and symmetry c o n s t r a i n t s (25)- a 
minimum requirement f o r a v a l i d s t r u c t u r e model. F i g u r e - o f -
m e r i t f o r ECR-1 models are lower than t h i s t h r e s h o l d . 

Once t h e r e f i n e d atom c o o r d i n a t e s a r e a v a i l a b l e , 
c a l c u l a t i o n of the powder p a t t e r n i s s t r a i g h t - f o r e w o r d u s i n g 
POW-10 (21) . However, a p a t t e r n so c a l c u l a t e d o n l y c o n t a i n s 
c o n t r i b u t i o n s from framework atoms - u s u a l l y the Si02 form -
and does not i n c l u d e c o n t r i b u t i o n s from c a t i o n s and water 
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28. VAUGHAN ETAL. Characterization of the New Zeolite ECR-1 315 

FIGURE 8: Model showing the ECR-1 c o n n e c t i v i t y between 
10.5A sheets of mordenite (MOR) and 15. 5A sheets of maz
z i t e (MAZ). The two p o s s i b l e s t r u c t u r e s are r e l a t e d by a 
s h i f t of a/2 i n the marked planes normal t o the page. 
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316 CHARACTERIZATION AND CATALYST DEVELOPMENT 

7-j D E G R E E S 

FIGURE 9: A comparison of the ex p e r i m e n t a l x-ray 
d i f f r a c t i o n p a t t e r n f o r c a l c i n e d ammonium ECR-1(a), w i t h 
the c a l c u l a t e d p a t t e r n s f o r Model 1 (b) ( 5 - r i n g 
c o n n e c t i v i t y ) and Model 2 (c ) ( 4 & 6 - r i n g c o n n e c t i v i t y ) i n 
the range 12° t o 14° 20. 
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molecules ( i n any case the p o s i t i o n s of these would not be 
known a t t h i s stage of the mo d e l l i n g ) . The a f f e c t of these 
l a t t e r components may s u b s t a n t i a l l y a l t e r t h e r e l a t i v e 
i n t e n s i t y v a l u e s of the peaks i n the spectrum. I d e a l l y , the 
agreement between model and ex p e r i m e n t a l PXD p a t t e r n s can be 
o p t i m i z e d by u s i n g h i g h l y dealuminated z e o l i t e samples t h a t 
are l a r g e l y c a t i o n and water f r e e . U n f o r t u n a t e l y , attempts t o 
h i g h l y dealuminate ECR-1 u s i n g c o n v e n t i o n a l t e c h n i q u e s were 
not s u c c e s s f u l and the best a v a i l a b l e m a t e r i a l s were hydrogen 
exchanged samples. (In f a c t few low S i / A l r a t i o z e o l i t e s can 
be as e f f e c t i v e l y d e a l u m i n a t e d as can t h e open f a u j a s i t e 
s t r u c t u r e . ) A comparison o f PXD p a t t e r n s f o r h y d r a t e d and 
dehydrated ECR-1 show major i n t e n s i t y d i f f e r e n c e s , r e f l e c t i n g 
the pronounced e f f e c t o f water on the peak i n t e n s i t i e s . In 
view o f t h i s , one does not expect good matching of peak 
i n t e n s i t i e s , but the peak p o s i t i o n s do match i n the ECR-1 
sy s t e m . D e s p i t e t h e s e p r o b l e m s we have sought t o 
d i f f e r e n t i a t e t h e two p o s s i b l e ECR-1 models. DLS r e f i n e d 
c o o r d i n a t e s were used t o c a l c u l a t e X-ray powder p a t t e r n s f o r 
t h e two ECR-1 models. These a r e v e r y s i m i l a r , b u t a 
d i f f e r e n c e i n the peak i n t e n s i t i e s i n the r e g i o n 12°-14° 20 
i s a b a s i s f o r d i f f e r e n t i a t i n g the two s t r u c t u r e models. As 
shown i n FIGURE 9, the e x p e r i m e n t a l p a t t e r n f o r a c a l c i n e d 
ammonium exchanged ECR-1 i n t h i s r e g i o n matches the 4-6-ring 
sheet i n t e r c o n n e c t i v i t y model p a t t e r n (Model 2) b e t t e r than 
the 5 - r i n g c o n n e c t i v i t y model p a t t e r n (Model 1) and i s the 
b a s i s f o r f a v o r i n g Model 2 at t h i s time (a m i x t u r e of both 
s t r u c t u r e s would probably g i v e an optimum match). Only a f u l l 
r e f i n e m e n t o f the s t r u c t u r e , i n c l u d i n g c o n t r i b u t i o n s from 
framework and non-framework atoms, would be expected t o g i v e 
good agreement i n both l i n e p o s i t i o n and i n t e n s i t y data, and 
d e f i n i t i v e l y r e s o l v e the s p e c i f i c ECR-1 model. 

Co n c l u s i o n s 

D e s p i t e many advances i n a n a l y t i c a l methods i n re c e n t 
y e a r s , the s t r u c t u r a l c h a r a c t e r i z a t i o n of m a t e r i a l s t h a t only 
o c c u r as m i c r o c r y s t a l s l e s s t h a n about 30|l i n di a m e t e r 
remains d i f f i c u l t and l a b o r i o u s . High r e s o l u t i o n e l e c t r o n 
m icroscopy i n the l a t t i c e imaging mode i s by f a r the most 
p o w e r f u l t o o l i n g i v i n g t he d i r e c t e vidence o f s t r u c t u r a l 
d e t a i l s e s s e n t i a l f o r m o d e l l i n g c l u e s , as has been 
d e m o n s t r a t e d i n t h e cases o f r e c e n t z e o l i t e s t r u c t u r e 
s o l u t i o n s o f theta-l/ZSM-23 (26) and be t a (27), i n a d d i t i o n 
t o ECR-1. X-ray d i f f r a c t i o n methods p r o v i d e t h e e s s e n t i a l 
c o n f i r m a t o r y data, and s o r p t i o n m o l e c u l a r p r o b i n g and v a r i o u s 
w e l l e s t a b l i s h e d s p e c t r o s c o p i c methods are u s e f u l a n c i l l a r y 
t o o l s . 
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Chapter 29 

Structure of Cobalt Sulfide Phase 
in Carbon-Supported Co and Co—Mo 

Sulfide Catalysts 

Studies by Extended X-ray Absorption Fine Structure (EXAFS) 
and X-ray Absorption Near Edge Structure (XANES) 

S. M. A. M. Bouwens, D. C . Koningsberger, V. H . J. de Beer, and R. Prins 1 

Laboratory for Inorganic Chemistry and Catalysis, Eindhoven, University 
of Technology, P.O. Box 513, 5600 M B Eindhoven, Netherlands 

An X-Ray absorption spectroscopy study has been carried 
out on a carbon-supported Co and Co-Mo sulfide cata
lyst, the latter consisting of a fully sulfided Co-Mo-S 
(type II) phase. Detailed information on the structure 
of the cobalt sulfide phase is obtained by comparing 
the EXAFS and XANES spectra of the catalysts with those 
of Co9S8 and CoS2 reference compounds. It is 
shown that the cobalt atoms in the Co-Mo-S phase have 
an octahedral-like sulfur coordination while the cobalt 
atoms in the sulfided Co/C catalyst have a larger frac
tion of octahedral cobalt than Co9S8. On the basis 
of these results, the high HDS activity of a sulfided 
Co/C catalyst can be understood since i t appears that 
the structure of the cobalt sulfide phase in Co/C is in 
agreement with that in Co-Mo/C. In the Co-Mo-S phase, 
approximately one cobalt atom is in contact with one mo
lybdenum atom at a distance of 2.85 Å. 

The EXAFS (Extended X-Ray Absorption Fine Structure) technique i s 
nowadays a valuable t o o l i n the c h a r a c t e r i z a t i o n of c a t a l y s t s . The 
strength of EXAFS i s that i t can provide s t r u c t u r a l information on 
h i g h l y dispersed systems that are d i f f i c u l t t o study with other con
v e n t i o n a l techniques. With respect to h y d r o t r e a t i n g c a t a l y s t s (e.g., 
s u l f i d e d Co-Mo/Al 20 3 or Ni-Mo/Al 20 3) EXAFS has been able t o 
provide d i r e c t information regarding the l o c a l s t r u c t u r e of the pha
ses present i n a working c a t a l y s t (1-3). Although the study of hydro-
t r e a t i n g c a t a l y s t s i n general has rece i v e d much a t t e n t i o n during the 
l a s t decade, s e v e r a l important questions regarding the s t r u c t u r a l cha
r a c t e r i s t i c s are s t i l l unanswered. One of these concerns the r o l e of 
the promoter Co and Ni ions i n s u l f i d e d Co(Ni)-Mo c a t a l y s t s . 

1Current address: Technisch-Chemisches Laboratorium, ETH-Zentrum, 8092 Zurich, 
Switzerland 

0097-6156/89/0411-0319$06.00/0 
e 1989 American Chemical Society 
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320 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Topsjrfe and coworkers showed that the cobalt atoms are s i t u a t e d 
at MoS 2 c r y s t a l l i t e edges i n a s o - c a l l e d "Co-Mo-S" s t r u c t u r e , which 
s t r u c t u r e governs almost completely the h y d r o d e s u l f u r i z a t i o n (HDS) ac
t i v i t y (4,5). Nevertheless, the exact s t r u c t u r e of t h i s phase or more 
p r e c i s e l y the l o c a t i o n of the cobalt promoter i s s t i l l unknown. Fur
thermore, the high s p e c i f i c a c t i v i t y of the Co-Mo-S st r u c t u r e i s not 
understood. Recently, Ledoux et a l . (6) showed with the use of ^ 9Co 
NMR that the promotion e f f e c t of cobalt was c o r r e l a t e d with the con
c e n t r a t i o n of cobalt s i t e s having a d i s t o r t e d t e t r a h e d r a l symmetry. 
These cobalt s i t e s were s t a b i l i z e d by s o - c a l l e d " r a p i d octahedral" co
b a l t atoms a c t i n g as a glue between the t e t r a h e d r a l cobalt s i t e s and 
the MoS 2 phase. Although the " r a p i d octahedral" cobalt atoms could 
not be r e l a t e d to the HDS a c t i v i t y , Ledoux et a l . l a t e l y proposed 
that they could be the o r i g i n of very a c t i v e s i t e s (7). Their expla
nation, based upon the theory of H a r r i s and C h i a n e l l i (8), was that 
an e l e c t r o n t r a n s f e r takes place between the " r a p i d octahedral" co
b a l t to the molybdenum i o n r e s u l t i n g i n a strong a c t i v a t i o n of the 
three s u l f u r ions sandwiched between them. 

A d i f f e r e n t model was po s t u l a t e d by Duchet et a l . (9) and by 
V i s s e r s et a l . (10) who observed a high a c t i v i t y f o r pure cobalt 
s u l f i d e supported on a c t i v a t e d carbon and hence explained the ac
t i v i t y of a s u l f i d e d Co-Mo/C c a t a l y s t completely by the very high 
a c t i v i t y of the cobalt s i t e s . In t h e i r theory the authors i m p l i c i t l y 
assumed that a cobalt s i t e i n s u l f i d e d Co/C has the same a c t i v i t y as 
a cobalt s i t e i n s u l f i d e d Co-Mo/C. However, t h i s does not have t o be 
the case since the s t r u c t u r e of cobalt s u l f i d e i n Co/C can be very 
d i f f e r e n t from that i n Co-Mo/C. In order t o e l u c i d a t e the s t r u c t u r e 
of the cobalt s u l f i d e phase i n a s u l f i d e d Co/C and a Co-Mo/C c a t a l y s t 
we a p p l i e d i n t h i s study the EXAFS and XANES (X-Ray Absorption Near 
Edge Structure) techniques at the Co K-edge. 

Experimental 

The carbon support used was a N o r i t a c t i v a t e d carbon (RX3 extra) 
having a surface area of 1190 m2.g~1 and a pore volume of 1.0 
cm 3.g~ 1. The Co/C c a t a l y s t (4.1 wt% Co) was prepared by pore 
volume impregnation with an aqueous s o l u t i o n of cobalt n i t r a t e (Merck 
p.a.) followed by drying i n a i r at 383 K (16 h ) . The promoted cata
l y s t (1.5 wt% Co, 7.7 wt% Mo) was prepared i n a s p e c i a l way to ensure 
a maximum amount of the Co-Mo-S phase (11). Mossbauer spectroscopy 
of t h i s promoted c a t a l y s t c l e a r l y showed that only the Co-Mo-S phase 
was present a f t e r s u l f i d i n g (11) and furthermore that t h i s Co-Mo-S i s 
probably a Co-Mo-S type I I phase, meaning a minor in f l u e n c e of a c t i v e 
phase-support i n t e r a c t i o n (11,12). The c a t a l y t i c a c t i v i t y of the s u l 
f i d e d c a t a l y s t s was determined by a thiophene HDS measurement at 673 
K and atmospheric pressure, as described elsewhere (10). The t h i o 
phene HDS r e a c t i o n r a t e constant k H D S per mol Co present (approxi
mated as a f i r s t order reaction) was found t o be 17*10" s" f o r 
Co/C and 61*10 _ 3s" 1 f o r Co-Mo/C. 

The X-Ray absorption measurements were c a r r i e d out on f r e s h l y i n 
s i t u s u l f i d e d c a t a l y s t s at l i q u i d nitrogen temperature at the SRS i n 
Daresbury (EXAFS s t a t i o n 9.2). The s u l f i d a t i o n was c a r r i e d out i n a 
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29. BOUWENSETAL. Structure of Cobalt Sulfide Phase 321 

10% i n H 2 flow, flow rate 60 ml.min under atmospheric 
pressure, the temperature was increased l i n e a r l y from 293 to 673 K 
(8.5 K.min" 1 f o r Co/C, 2 K.min" 1 f o r Co-Mo/C) and kept constant 
at 673 K f o r 2 h (Co/C) or 1 h (Co-Mo/C). The preparation of the 
model compounds CogSg and CoS 2 has been described i n (13) and 
(14), r e s p e c t i v e l y . The p u r i t y of these compounds was checked by X-
Ray d i f f r a c t i o n . Phase s h i f t s and ba c k s c a t t e r i n g amplitudes from r e 
ference compounds were used t o c a l c u l a t e the EXAFS c o n t r i b u t i o n s . For 
the Co-S EXAFS s i g n a l s CoS 2 was used, f o r the Co-Co co n t r i b u t i o n s 
the Ni-Ni coordination i n NiO (Merck p.a.) was chosen, and f o r the Co-
Mo c o n t r i b u t i o n i n the Co-Mo/C c a t a l y s t we took 
( ( C 6 H 5 ) 4 P ) 2 N i ( M o S 4 ) 2 as a model compound. The use of a Ni 
absorber and backscatterer i n s t e a d of Co i s j u s t i f i e d since c a l c u l a 
t i o n s of Teo and Lee (15) showed that phases and back s c a t t e r i n g ampli
tudes of nearest and next-nearest neighbours i n the p e r i o d i c t a b l e 
hardly d i f f e r . 

In Figure 1 (a,b) the Fourier-Transformed (FT) EXAFS spectra of the 
Co/C and the Co-Mo/C c a t a l y s t together with the Co^Sg reference 
compound are p l o t t e d . The absolute FT spectrum of Co^Sg ( F i g . 
1 (a)) e x h i b i t s two peaks. The f i r s t peak i s a t t r i b u t e d to combined 
Co-S and Co-Co coordinations, the second one only to a Co-Co coordina
t i o n (denoted Co-Co(2), to d i f f e r e n t i a t e i t from the Co-Co(1) coor
d i n a t i o n i n the f i r s t peak). In bulk Co^Sg 8/9 of the cobalt 
atoms are t e t r a h e d r a l l y coordinated and 1/9 are oc t a h e d r a l l y c o o r d i 
nated by s u l f u r s . The Co-S coordination distances are i n the range 
2.13-2.39 A. The Co-Co coor d i n a t i o n distance of Co-Co(1) i s 2.50 A, 
fo r Co-Co(2) the distance i s 3.51 A. From Figure 1 (a) i t i s apparent 
that i n the c a t a l y s t spectra the f i r s t peak i s s h i f t e d t o lower r -
values compared to that i n Co^Sg. This s h i f t i s l a r g e r f o r Co-
Mo/C than f o r Co/C. I t i s furthermore c l e a r that a Co-Co(2) coor
d i n a t i o n i s al s o present i n the Co/C c a t a l y s t , but not i n the pro
moted c a t a l y s t . On the other hand, the l a t t e r c a t a l y s t shows an 
a d d i t i o n a l peak which i s not present i n COgSg and Co/C and, con
sequently, might be a s c r i b e d t o Mo bac k s c a t t e r e r s . 

The imaginary FT spectra i n Figure 1 (b) show the separate Co-S 
and Co-Co(1) coordinations which cannot be discerned i n the absolute 
FT spectra. I t appears that the Co-S peak amplitude increases i n the 
order Co^Sg Co/C Co-Mo/C, whereas the Co-Co(1) peak amplitude 
decreases i n the same order. Data a n a l y s i s was c a r r i e d out by i s o l a 
t i n g the f i r s t and second peak i n the absolute FT spectra and f i t t i n g 
the r e s u l t i n g EXAFS func t i o n s using Co-S and Co-Co EXAFS c o n t r i b u 
t i o n s . For a d e t a i l e d d e s c r i p t i o n of the data a n a l y s i s procedure we 
r e f e r to (16). The s t r u c t u r a l parameters (N,R and A<J2) obtained i n 
t h i s way are c o l l e c t e d i n Table I. 

Supplementary information on the cobalt c o o r d i n a t i o n can be derived 
from the XANES region. The near-edge s t r u c t u r e of the samples i s 
shown i n Figure 2. The spectra a l l show a weak absorption peak near 
t h r e s h o l d which has been i d e n t i f i e d as a 1s — > 3d t r a n s i t i o n 
(17,18). This t r a n s i t i o n has been observed to be more intense i n t e -

Results 
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322 CHARACTERIZATION AND CATALYST DEVELOPMENT 

a 
0 2 A 

r [A] 

Figure 1: Imaginary k 3-weighted Fourier-Transforms 
( Ak=3.0 -10.9 A" 1) of the EXAFS data of 
CogSg, Co/C and Co-Mo/C: (a) absolute p a r t , 
(b) imaginary p a r t . 
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C O g S g V 
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XANES spectrum of Co^Sg. The expanded i n s e t 
shows the 1s ^ 3d t r a n s i t i o n of Co^Sg, 
CoSp, Co/C and Co-Mo/C. 
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29. BOUWENS ET AL. Structure of Cobalt Sulfide Phase 325 

t r a h e d r a l than i n octahedral coordination of the absorbing atom (17), 
hence, i t can be used as a measure of the coordination of the cobalt 
atoms. In Figure 2 the XANES spectra of both c a t a l y s t s are compared 
with that of Co^Sg, c o n s i s t i n g of 89% t e t r a h e d r a l and 11% octahe
d r a l c o b a l t , and with CoS 2/ c o n s i s t i n g of 100% octahedral c o b a l t . 
I t i s c l e a r i n t h i s Figure that the 1s — > 3d t r a n s i t i o n i s most i n 
tense f o r CogSg whereas i n CoS 2 i t s i n t e n s i t y i s very s m a l l . 
The s u l f i d e d Co/C c a t a l y s t shows a somewhat smaller i n t e n s i t y than 
that of CogSg while the Co-Mo/C c a t a l y s t shows a very small i n t e n 
s i t y , comparable to the CoS 2 compound. 

Discussion 

The data a n a l y s i s reveals that the Co-S c o o r d i n a t i o n number increases 
i n the order Co gSg <; Co/C < Co-Mo/C. This means that the cobalt 
atoms i n the c a t a l y s t s have a higher s u l f u r c o o r d i n a t i o n than those 
i n CogSg and furthermore, that t h i s phenomenon i s more pronounced 
when cobalt i s present i n a Co-Mo-S s t r u c t u r e . The EXAFS r e s u l t s are 
s u b s t a n t i a t e d by the XANES spectra. The 1s —> 3d t r a n s i t i o n of the 
Co/C c a t a l y s t suggests a somewhat higher percentage of octahedral 
cobalt as present i n Co^SQ whereas f o r the Co-Mo/C c a t a l y s t i t 
i n d i c a t e s an o c t a h e d r a l - l i k e s u l f u r c o o r d i n a t i o n . 

Our r e s u l t s s t r e s s the importance of studying the imaginary FT 
spectra i n combination with the absolute ones. By doing so, the ob
served s h i f t of the f i r s t peak i n the absolute FT s p e c t r a to lower r -
values i n the order CogSg> Co/C > Co-Mo/C can be f u l l y explained 
by the increase i n the corresponding Co-S peak amplitude and the s i 
multaneous decrease i n the Co-Co(1) peak amplitude. In f a c t , the Co-S 
coordination distance i n the three samples i s s i m i l a r (2.22 A). From 
these observations i t might be c l e a r that conclusions based only upon 
absolute FT spectra can turn out to be erroneous. 

The EXAFS parameters f o r the Co/C c a t a l y s t show a Co-Co(1) coor
d i n a t i o n distance of 2.55 A, which i s s l i g h t l y l a r g e r than that i n 
CogSg (2.51 A). On the other hand, the Co-Co(2) coordination d i s 
tances of both samples are equal. These r e s u l t s suggest that the co
b a l t s u l f i d e phase i n the s u l f i d e d Co/C c a t a l y s t s e s s e n t i a l l y has a 
CogSg-like s t r u c t u r e , the only d i f f e r e n c e being i t s higher s u l f u r 
c o o r d i n a t i o n . In case of the Co-Mo/C c a t a l y s t , the presence of a 
small Co-Co(1) c o n t r i b u t i o n i s evident. From the large Debye-Waller 
f a c t o r i t can be i n f e r r e d that t h i s c o o r d i n a t i o n has a high degree of 
d i s o r d e r . S u r p r i s i n g l y , however, i t s c o o r d i n a t i o n distance (2.55 A) 
corresponds exactly to that i n Co/C. The expected Co-Mo peak could be 
f i t t e d w e ll using the Ni-Mo EXAFS functions from the 
( ( C 6 H 5 ) 4 P ) 2 N i ( M o S 4 ) 2 reference compound, which confirms 
the presence of molybdenum neighbouring atoms. The Co-Mo coordination 
distance i s c a l c u l a t e d t o be 2.85 A, which i s i n good agreement with 
our EXAFS study of a s u l f i d e d Co-Mo/C c a t a l y s t at the Mo K-edge (19), 
i n which we reported a Mo-Co coordination distance of 2.8 A. The 
c a l c u l a t e d Co-Mo coord i n a t i o n number of 0.8 (Table I) suggests that 
i n the Co-Mo-S (II) s t r u c t u r e approximately one cobalt atom i s i n 
contact with one molybdenum atom. 

According to our EXAFS and XANES r e s u l t s , the s t r u c t u r e of the 
cobalt phase i n s u l f i d e d Co/C i s i n agreement with that i n the 
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326 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Co-Mo/C c a t a l y s t : i n both c a t a l y s t s a high s u l f u r coordination of the 
cobalt atoms i s present. This i s an i n t e r e s t i n g observation with r e 
gard to the a c t i v i t y per cobalt atom i n both c a t a l y s t systems. 
V i s s e r s et a l . (10) s t a t e d that the i n t r i n s i c a c t i v i t y of a cobalt 
s i t e i n s u l f i d e d Co/C can be close to that i n s u l f i d e d Co-Mo/C. 
Hence, our r e s u l t s of the s t r u c t u r a l resemblance between s u l f i d e d 
Co/C and Co-Mo/C, support the theory of V i s s e r s et a l . (10) that the 
coba l t phase i n s u l f i d e d Co-Mo c a t a l y s t s can be the a c t u a l a c t i v e 
phase. Moreover, on the ba s i s of these r e s u l t s the high HDS a c t i v i t y 
of a s u l f i d e d Co/C c a t a l y s t can be understood. 

Our f i n d i n g s a l s o c o i n c i d e with the proposal of Ledoux et a l . 
(7) that the "rap i d octahedral" cobalt atoms might be the o r i g i n of 
very a c t i v e s i t e s , since we observe an o c t a h e d r a l - l i k e coordination 
i n the promoted c a t a l y s t . However, the e a r l i e r proposal of Ledoux 
et a l . of t e t r a h e d r a l c o b a l t s i t e s being responsible f o r the high HDS 
a c t i v i t y of cobalt-molybdenum s u l f i d e c a t a l y s t s (6) must be 
r e j e c t e d . F i n a l l y , our observation t h a t the cobalt s u l f i d e phase i n 
the Co/C c a t a l y s t contains a higher s u l f u r c o o r d i n a t i o n than that i n 
CogSg, which i s expected from thermodynamical con s i d e r a t i o n s , 
might point to a m o d i f i c a t i o n of the a c t i v e c o b a l t s i t e s through the 
carbon c a r r i e r . Support f o r the l a t t e r idea can be found i n the work 
of Burch an C o l l i n s (20) who discussed a p o s s i b l e i n t e r a c t i o n between 
the n i c k e l s u l f i d e phase and an alumina, s i l i c a and carbon c a r r i e r . 
These authors proposed t h a t a metal s u l f i d e - s u p p o r t i n t e r a c t i o n may 
a l t e r the morphology or composition of the n i c k e l s u l f i d e phase. 

Conclusions 

D e t a i l e d information on the s t r u c t u r e of the supported cobalt s u l f i d e 
phase could be obtained by studying the imaginary F o u r i e r Transformed 
EXAFS spectra as w e l l as the cobalt 1s — > 3d t r a n s i t i o n i n the XANES 
spec t r a . I t i s shown that the cobalt atoms i n the Co-Mo-S (II) phase 
have an o c t a h e d r a l - l i k e s u l f u r coordination while the s u l f i d e d Co/C 
c a t a l y s t has a l a r g e r f r a c t i o n of octahedral cobalt than Co^Sg. 
On the bas i s of these r e s u l t s , the high HDS a c t i v i t y of a s u l f i d e d 
Co/C c a t a l y s t can be understood since i t appears that the s t r u c t u r e 
of the cobalt s u l f i d e phase i n Co/C i s i n agreement with that i n 
Co-Mo/C. In the Co-Mo-S (II) phase approximately one cobalt atom i s 
i n contact with one molybdenum atom at a distance of 2.85 A. 
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Chapter 30 

X-ray Absorption Near Edge Structure 
(XANES) and Extended X-ray Absorption 

Fine Structure (EXAFS) Spectra 
of Pt—Sn—Alumina Catalysts 

Yong-Xi Li1, N.-S. Chiu1, W.-H. Lee 1, S. H . Bauer1, and B. H . Davis 2 

1Baker Laboratory of Chemistry, Cornell University, Ithaca, NY 14853-1301 
2Center for Applied Energy Research, 3572 Iron Works Pike, 

Lexington, K Y 40511 

This report concerns one of four groups of Pt/Sn 
loaded catalysts, prepared according to selected 
protocols, which incorporated a range of Sn loadings 
(0.4 to 3.4%), with Pt maintained at 1%. The X-ray 
fluorescence and absorption spectra of these 
preparations were recorded, for both the calcined 
and reduced states, at the CHESS fac i l i ty . The 
near-edge and extended-edge spectra, at the Pt LIII 
and Sn K-edges, were analyzed to ascertain the 
states of the metallic constituents. Spectra of the 
pure metals, of alloys (Pt/Sn 1:1 and 3:1), of their 
oxides and chlorides were used for calibration. 
Both the near and extended edge spectra show that 
reduction with H2 at 773K (one atm) for 5 hours 
leaves major fractions of oxides and chlorides 
unreduced, but enhances dispersion. Differences due 
to t in loading are discernible. A radial 
distribution peak may be assigned to (Sn-Pt) 
scattering, but by i t se l f is not sufficient to 
demonstrate the development of alloy clusters upon 
reduction. 

Supported Pt/Sn bimetallic catalysts are assuming 
increasingly s i g n i f i c a n t roles i n the processing of 
petroleum, operating as reforming catalysts. They 
provide high s e l e c t i v i t y for aromatics, they are stable, 
and permit operation at high reaction temperatures 
(-780K) at r e l a t i v e l y low pressures of hydrogen (10-15 
psig). The many current studies of these materials (1-
12) are a measure of th e i r p r a c t i c a l importance. 
Nonetheless, the atomic configurations about the metallic 
constituents and th e i r structural coordination have not 
yet been c l a r i f i e d . Indeed, di f f e r e n t diagnostic 
techniques lead to incompatible conclusions regarding the 
formal oxidation states, extents of dispersion, Pt/Sn 

0097-6156/89/0411-0328$06.00/0 
© 1989 American Chemical Society 
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30. LI ET AL. Pt—Sn—Alumina Catalysts 329 

association, etc. I t appears that the c r i t i c a l molecular 
parameters may be highly sensitive to d e t a i l s of the 
preparative procedures, and to the nature of the support. 
Therefore we have undertaken a comparative study of four 
groups of Pt/Sn catalysts prepared according to selected 
protocols. These incorporate a range of Sn loadings (0.4 
to 3.4%) with Pt maintained at about 1%. As a diagnostic 
of bulk structure we measured both the near and extended 
X-ray fluorescence and absorptions at the Pt L//j and Sn 
K-edges, and correlated these with available Mossbauer, 
XPS and XRD data. Here we report on one group of 
catalysts, prepared according to the acetone-complexation 
method, on low and high area alumina. 

Experimental 
2 

Twenty grams of support [low area alumina: 110 m /g; high 
area alumina: 250 m2/g] were wetted with 20 ml of 
acetone, followed by slow addition (with s t i r r i n g ) of 20 
ml of an acetone solution containing the desired amounts 
of H2PtCl<5 and S n C l 2 # 2 H 2 0 . The impregnated material was 
dried i n a i r at room temperature, then at 393K for 6 
hours, and f i n a l l y calcined i n a i r at approximately 770K 
for four hours. Portions of the dried and calcined 
preparations were reserved for NEXAFS and EXAFS spectral 
scans. 

The catalysts were then reduced i n flowing H2 at 
atmospheric pressure, at approximately 77OK for a t o t a l 
of f i v e hours (including heating to the operating 
temperature); cooled i n hydrogen, then swept with high 
purity argon, and maintained sealed i n the reducing tube 
u n t i l opened for mounting i n the sample holder i n an 
argon f i l l e d glove box. Under the argon atmosphere, the 
powdered sample was t i g h t l y packed into a wafer of 
appropriate thickness, and t i g h t l y sealed with Mylar 
windows p r i o r to removal from the glove box. Tests were 
made to ascertain the retention of the reduced state 
during X-ray exposure at room temperature by successive 
scanning of samples, as i n i t i a l l y sealed; then after 
exposure to a i r for ten minutes; two hours; 24 hours. 
No change i n the X-ray spectra could be detected a f t e r 
10 minutes (windows retained) of exposure indicating that 
even i f s l i g h t oxidation had taken place on the surface 
of the t i g h t l y pressed powder sample, d i f f u s i o n i n the 
bulk material was negligible. In the near edge spectra 
s l i g h t s h i f t s were discernible only after two hours of 
exposure to the atmosphere. No detectable changes were 
noted between the XRD pattern obtained i n - s i t u and one 
recorded following exposure to a i r for one hour at room 
temperature. Table I i s a l i s t i n g of the metallic 
content of the six catalysts. 

X-ray spectra were recorded at the CHESS F a c i l i t y 
i n the fluorescence mode for both Pt and Sn edges and 
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330 CHARACTERIZATION AND CATALYST DEVELOPMENT 

TABLE I 

The Catalyst Compositions 

Content. Wt.% 

Catalyst Support Pt Sn CI 

A alumina 1.0 0.45 1.2 
B (250 nT/g) 1.0 1.50 1.2 
C 1.0 3.50 1.2 

D alumina 1.0 0.55 1.2 
E (110 m2/g) 1.0 1.60 1.2 
F 1.0 3.15 1.2 

Ref alumina 1.0 0 1.2 
(250 m2/g) 
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30. LI ET AL. Pt-Sn-Alumina Catalysts 331 

absorption mode for Sn edge. One to three scans were 
recorded for each sample. Reference materials were: Pt 
and Sn as metal f o i l s ; ^ P t C l ^ ; PtCl2; Pt02 [run at the 
Ljji edges at 11.59 keV] . Also, SnCl^«5H20; SnCl2#2H20; 
SnO and Sn02 [run at the K-edge at 29.19 keV]. Scans 
were made of alloys with nominal composition PtSn and 
PtjSn. Spectra were recorded for both calcined and 
reduced Pt/ALoOj and Sn/AloOj, prepared by the H2PtCl<5 
impregnation and SnCl2 co-precipitation methods, 
respectively. A l l the spectra were reduced using 
computer codes developed at Cornell, which provide for 
successive refinement of the r a d i a l d i s t r i b u t i o n curves 
[background correction; termination correction; phase 
s h i f t (13-15)]. While " s p l i t " side bands appeared i n the 
major r a d i a l d i s t r i b u t i o n peak of metallic platinum, for 
other scattering pairs they were of low amplitude, not 
s i g n i f i c a n t l y larger than the noise. Many variants i n 
the data reduction procedures were tested; ultimately a l l 
correlations of r a d i a l d i s t r i b u t i o n curves (of a catalyst 
and the reference compounds) were made on the basis of 
s t r i c t l y comparable procedures. I n i t i a l l y the entire 
spectrum was reduced even where there was much noise at 
high k, i n order to achieve the best resolution i n the 
r a d i a l d i s t r i b u t i o n curves. Then the spectra was 
terminated at k - 11 A to minimize the e f f e c t of noise 
and thus derive quantitative peak areas for comparisons 
of the various preparations. I t i s worth noting that the 
area under an RDF peak i s not proportional to the amount 
of the element present i n the sample. Given the computed 
area under a peak at R,y for an atom pair ( i j ) , where i 
designates the central atom and i any one of the 
surrounding atom types in that coordination s h e l l , then 
after multiplying the area by r ,y, the result i s roughly 
proportional to Zy 2 Z; (in the coordination shell) . 
However, experience indicates that structural distortions 
reduce the e f f e c t i v e contributions of coordinating atoms 
within selected s h e l l s . 

In the following the results of our analyses are 
presented i n sequence: NEXAFS for Pt and Sn; EXAFS for 
Pt and Sn, for the reference compounds and catalysts on 
low and high area alumina. Our general conclusions are 
then compared with those derived from other diagnostics. 

NEXAFS. The near-edge p r o f i l e s , both for Pt L/// and Sn 
K, show no d i s t i n c t i v e features for any of the reference 
substances or the various catalysts preparations. 
However, the steep increases in absorption appear at 
d i f f e r e n t locations, and the i n i t i a l maxima r i s e to 
c h a r a c t e r i s t i c amplitudes. These may be compared when 
the patterns are normalized to unit l e v e l , established 
by extrapolating the EXAFS background to Eq. The 
corresponding absorptions have been assigned to 
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332 CHARACTERIZATION AND CATALYST DEVELOPMENT 

2P3/2 5d[Pt L///] (16-18) and to Is - 5p[SnK] 
tra n s i t i o n s . A l l edge positions are determined from the 
energy derivative curve ( /x/ E) and are measured r e l a t i v e 
to those of the corresponding metal f o i l s , assigned zero. 

Within ± 0 . 5 eV, the hjjj edges of the alloys, PtjSn 
and PtSn, appear at the same energy as that of the metal; 
the i n i t i a l r i s e of absorption c o e f f i c i e n t s attains a 
l e v e l of 1.2, r e l a t i v e to the background. In 
Pt Cl2 #2H20, the edge appears 1.0 eV above the metal and 
the peak height i s ~ 1.38. For Pt +*02 and H2?t+4cl6 t n e 

r i s e i n absorption i s 3 eV higher than that of the metal 
and attains 1.95. For an analogous series of compounds, 
for a given central element, the peak height i s a measure 
of i t s i o n i c i t y , i . e . the number of 5d electrons 
p a r t i a l l y removed by chemical bond formation (19). For 
the catalyst preparations, we found that i n the dried 
condition (prior to calcining) the edge position i s 1 eV 
above the metal, and the peak height i s close to that of 
Pt C I 2 . In the calcined state, the i n i t i a l r i s e appears 
at 2.6 - 2.7 eV above the metal and peaks sharply at 2.4 
l e v e l r e l a t i v e to the background, indicative of f u l l y 
oxidized Pt, possibly with a lower 5d occupancy than i n 
c r y s t a l l i n e PtC>2. 

For a l l the reduced catalysts, regardless of Sn 
metal loading or support area, the edge i s at 1 eV above 
the metal; a l l have closely similar peak heights that are 
a l i t t l e lower than i n Pt CI2. No unique assignment of 
a unique oxidation number i s thus provided, except that 
such p r o f i l e s are not incompatible with that for a 
mixture of Pt ,• Pt Pt , as suggested by the EXAFS 
spectra; see below. 

At the Sn K-edge, the near edge p r o f i l e s are also 
featureless. Unexpectedly "Uie alloys appear at ~ -0.1 
eV; the i n i t i a l r i s e for Sn C b i s not shifted r e l a t i v e 
to that of the metal, while Sn 0 i s at + 0.5 eV. Their 
peak height are 1.09 and 1.28, respectively, r e l a t i v e to 
the background. The edge for Sn + C1^»5H20 appears at 4 
eV, and for Sn+^02 at 5 eV above the metal; t h e i r peak 
heights are 1.17 and 1.46, respectively. Upon reduction 
of the high area support preparations the edge locations 
revert close to zero, with ^eak heights of 1.16, 
consistent with mixtures of Sn 0 and the reduced metal. 
Exposure to a i r for about two hours brings the edge back 
to higher values but somewhat smaller than that of 
Sn^ O2. Again, no d e f i n i t i v e conclusion regarding the 
oxidation state of the Sn follows from the near edge data 
other than suggestion of the presence of mixed oxidation 
states. 

EXAFS. The peaks i n the r a d i a l d i s t r i b u t i o n functions 
for the reference compounds, after background and 
termination error corrections, provide the basis for 
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30. LI ET AL. Pt-Sn-Alumina Catalysts 333 

assignments of the catalyst RDF1 s. The major peak i n Pt 
(metal) appears at 2.62 A (add phase s h i f t correction; 
0.15 A). The (Pt-O) distance i n Pt02 (unfortunately the 
structure of which i s not well defined) i s 1.66 A with 
0.38 A phase s h i f t correction, while (Pt-Pt) appears at 
3.28 A. In PtCl?,, the major peak i s (Pt-Cl) = 1.94 A 
(add phase s h i f t correction; 0.42 A), with a small peak 
at 3.1 A assigned to (Pt-Pt). In I^PtCltf, (Pt-Cl) = 1.93 
A (add phase s h i f t correction; 0.39 A). As expected i t 
has a larger area. There are no other peaks above noise 
i n t h i s r a d i a l d i s t r i b u t i o n function. In calcined 
Pt/Al2P3, prepared by adding an H2PtCl<$ solution to the 
support, the (Pt-O) peak i s prominent with a shoulder 
that can be assigned to a small fraction of (Pt-Cl). 

Catalysts prepared on high and low area alumina have 
closely s i m i l a r RDF 1s. In a l l cases, whether calcined 
or reduced, the major peak i s a superposition of (Pt-O) 
and (Pt-Cl) contributions but with varying proportions 
depending on the treatment and the t i n content. For the 
calcined, low area preparation the peak at 1.64 A has a 
larger area than that for Pt02, due to (Pt-Cl) 
contributions (1.64 A and 2.02 A were found i f entire 
data set was used). There i s a peak at 2.68 A which may 
be assigned to (Pt-Sn) scattering. The (Pt-Pt) peak at 
3.34 A i s small. In these preparations reduction moves 
the peak to 1.89 A (0.44% Sn) or 1.84 A (1.47 and 3.4% 
Sn) but decreases i t s area (Table II) . Clearly Sn 
loading increases the Pt-Cl fraction as indicated by 
displacement of the peak to higher R values, with a 
corresponding reduction in peak area, which suggests 
increased distorted configuration i n the f i r s t 
coordination s h e l l . The sequence of changes i n the RDF 1s 
for preparations on the low area support i s i l l u s t r a t e d 
i n Figure 1. This, we believe, may be a consequence of 
incomplete reduction i n flowing hydrogen at 770°K. 
Preliminary results from XRD studies support t h i s view, 
with respect to the formation of some a l l o y c r y s t a l s 
large enough to be detected by XRD. 

For preparations on high area support reduction does 
not show a s i g n i f i c a n t s h i f t i n peak position, consistent 
with the expected enhanced d i f f i c u l t y to reduce the 
oxide, which i s t i g h t l y bonded to the substrate. Indeed, 
increased Sn loading tends to s h i f t the f i r s t peak to 
lower R values. The second peak i n the reduced 
preparations may be assigned to an overlap of (Pt-Pt) and 
(Pt-Sn) interactions. Unfortunately, these c r i t i c a l 
distances are too close to be resolved. The phase s h i f t 
corrected distance for Pt-Pt in metal i s 2.77 A, whereas 
and Pt-Sn are 2.62 A and 2.83 A i n PtSn and PtjSn, 
respectively. By i t s e l f the presence of t h i s peak does 
not prove the existence of an a l l o y because dried and 
calcined samples (at the Sn K edge) also show a strong 
peak at 2.5 A. A variety of s o l i d solutions of the 
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Figure 1.Radial d i s t r i b u t i o n functions from fluorescence 
i n t e n s i t i e s at the Pt L/// edge for a sequence of 
preparations on low area alumina. Note change of 
v e r t i c a l intensity scale. 
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336 CHARACTERIZATION AND CATALYST DEVELOPMENT 

oxides, moderated by the presence of an interactive 
support, could be present. Note that the r a d i a l 
d i s t r i b u t i o n functions c l e a r l y show that reduction i s 
always incomplete. The variations i n peak areas indicate 
that dispersion i s high, and the f i r s t coordination s h e l l 
i s highly distorted. 

P a r a l l e l conclusions follow from the RDF 1s derived 
from EXAFS spectra at the Sn K-edge. The RDF peaks i n 
the reference compounds were readily assigned. In Sn02, 
the major peak at 1.66 A [phase corrected to 2.05 A (20)] 
i s due to Sn-O scattering; peaks at 2.96 A and 3.52 A are 
superpositions of (Sn-Sn) and various (Sn-O) 
contributions [phase corrected to 3.19 A and 3.79 A, 
respectively]. In SnCl^ 5H2O the (Sn-O) peak appears at 
1.66 A (21)]. In SnO, due to the lower positive charge 
on a metal atom, the (Sn-O) peak appears at 1.76 A, and 
(Sn-Sn) s h i f t s to 3.26 A. SnCl2 2H2O has four peaks: 
(Sn- O) at 1.81 A [phase shifted to 2.16 A]; (Sn-Cl) at 
2.29 A [phase shifted to 2.59 A (22)]; another (Sn-Cl) 
at 3.02 A and (Sn-Sn) at 4.30 A [phase shifted to 3.33 
A and 4.50 A, respectively]. 

The dried and calcined preparations on high area 
alumina have very similar RDF1s, which strongly resemble 
that of SnC1^5H20 (Table I I I ) . However, the (Sn-O) and 
(Sn-Cl) s p l i t i s larger i n the catalysts, wherein the 
(Sn-O) distance i s ~ 0.1 A smaller than i n the 
tetrachloride. This suggests that in the calcined state 
the t i n atom carries a high positive charge. The area 
under the (Sn-O) peak increase s i g n i f i c a n t l y upon 
calcination (from 130 to 200 for 1.47% Sn of high area 
support sample). These preparations also show prominent 
peaks at ~ 2.50 A (phase shifted uncorrected), 
tentatively assigned to (Sn-Pt) scattering. Small peaks 
at 3.14 - 3.26 A are due to (Sn-Sn), as i n Sn-O. 

Upon reduction (on the high area alumina) the small 
(Sn-Sn) peak disappears. There remains a strong (Sn-O) 
peak at 1.58 - 1.64 A, reverting to that present i n 
SnCl^»5H20. The areas decrease with Sn loading (224 for 
0.44%; 133 for 1.47%; 100 for 3.4%). There i s an 
i n s i g n i f i c a n t (Sn-Cl) peak for the lowest t i n sample, but 
i t i s c l e a r l y present at the higher loadings. The small 
(Sn-Pt) peak at ~2.5 A remains but i t s area shrinks with 
increasing Sn content (Figure 2). These results suggest 
that increased dispersion i s mediated by larger levels 
of t i n , and c l e a r l y underscores that treatment with 
hydrogen, as carried out under operating conditions, 
leaves a major fraction of the metal i n the oxide form. 
The amount of chlorine that remains correlates d i r e c t l y 
with the amount of t i n present. 

The preparation on the low area alumina do not show 
the small (Sn- Sn) peak at 3.3 A, otherwise, t h e i r RDF1 s 
are similar to those on the high area support. The 
trends with Sn loading, r e l a t i v e to peak positions and 
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R i n Angstroms (phase s h i f t uncorrected) 

Figure 2.Radial d i s t r i b u t i o n functions from fluorescence 
at the Sn K-edge for a sequence of preparations 
on high area of alumina. Note change of 
v e r t i c a l intensity scale. 
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areas appear to be independent of the support area. The 
assignment of the small peak at 2.5 A (unshifted) to (Sn-
Pt) scattering remains somewhat ambiguous. I t indicates 
either a s o l i d solution of the oxides or possibly a Pt/Sn 
all o y , for which at least four d i f f e r e n t phases have been 
reported (24). 

Review of Reported Structures. A theoretical analysis 
of XANES p r o f i l e s at the L/// edge of platinum i n P t C l / 
and PtCltf'2 was presented by Nemarova, et a l . (24). 
However, i n assigning transitions from the 2p states to 
vacant bound o r b i t a l s , these authors postulated highly 
symmetric structures [octahedral and square 
configurations]. I t i s doubtful that the corresponding 
o r b i t a l designations correctly apply to the distorted 
f i e l d s that exist on the surfaces of these supported 
catalysts. 

The state of t i n i n Pt/Sn/alumina catalysts was 
investigated by L i and Shia (25) v i a Mossbauer 
spectroscopy ( Sn enriched isotopes) and XPS. The 
former technique indicated the presence of Sn +*, S n + 2 and 
Sn , i n proportions that depended on the method of 
preparation, but i n a l l cases the Sn+4 component 
dominated. These conclusions were confirmed by the XPS 
experiments. Additional TPR tests on the reduced 
catalyst and on samples exposed to a i r showed that 
reoxidation of Pt/Sn/alumina reduced preparations was 
rather slow, confirming our EXAFS observations. The 
presence of zero valent t i n i n similar preparations, 
using the acetone complexation procedure, was recently 
confirmed by L i , Stencel and Davis (12) i n an extended 
XPS investigation. For reduced samples, with a Pt:Sn 
r a t i o 1:5, these authors estimated that approximately 68% 
of the t i n was in the metallic state. However, they 
observed that exposure of the sample to a i r for 10 
minutes e n t i r e l y eliminated the XPS detectable Sn . 
Their data also indicated that upon reduction, chlorine 
migrated from the surface to the alumina. Thus, XPS 
which measures surface composition indicates a higher 
s e n s i t i v i t y to oxidation than was demonstrated by our 
EXAFS experiments, which i s a bulk diagnostic. 

The most di r e c t evidence for the development of 
metallic platinum and PtSn alloy, by reduction of a 
catalyst prepared by the incipient wetness technique on 
low area Degussa alumina (110 m /g) , was presented by 
Davis, et a l . (11). Their conclusions were based on 
detailed XRD patterns, recorded i n s i t u at elevated 
temperatures under flowing hydrogen. With 0.68% platinum 
samples containing t i n , only Pt/Sn a l l o y d i f f r a c t i o n 
l i n e s were observed. 

In the most recent report on the structures of these 
catalysts investigated v i a EXAFS, Meitzner, et a l . (10) 
reached conclusions i n essential agreement with ours 
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340 CHARACTERIZATION AND CATALYST DEVELOPMENT 

although they followed a di f f e r e n t data reduction 
procedure. They state that the t i n atoms are extensively 
coordinated to oxygen atoms and only to a small degree 
to other t i n or platinum atoms. They also c i t e XRD data 
that suggest the development of bimetallic clusters, but 
for t h e i r preparations the phase was PtjSn. 

In a subsequent report we s h a l l present NEXAFS and 
EXAFS structural data for bimetallic supported catalysts 
prepared v i a the SMAD procedure and other techniques. 
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correction (0.515A) but it is also inconsistent with 
Sn-O bond distances reported for SnO, SnO2 and 
SnCl4∙5H2O). 
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Chapter 31 

Characterization of Catalysts by Scanning 
Transmission Electron Microscopy 

William M . Targos and Steven A. Bradley 

UOP Research Center, Des Plaines, IL 60017 

The dedicated scanning transmission electron microscope 
(STEM) is an integral tool for characterizing catalysts 
because of its unique ability to image and analyze nano
sized volumes. This information is valuable in optimiz
ing catalyst formulations and determining causes for 
reduced catalyst performance. For many commercial catal
ysts direct correlations between structural features of 
metal crystallites and catalytic performance are not 
attainable. When these instances occur, determination of 
elemental distribution may be the only information avail
able. In this paper we will discuss some of the techni
ques employed and limitations associated with charac
terizing commercial catalysts. 

The e l e c t r o n microscope o f f e r s a unique approach f o r measuring 
i n d i v i d u a l nano-sized volumes which may be c a t a l y t i c a l l y a c t i v e as 
opposed to the averaging method employed by spe c t r o s c o p i c t e c h n i 
ques. I t i s j u s t t h i s a b i l i t y of being able to observe and measure 
d i r e c t l y s m a ll c r y s t a l l i t e s or nano-volumes of a c a t a l y s t support 
tha t sets the microscope apart from other analyses. There have been 
many s t u d i e s r e p o r t e d i n the l i t e r a t u r e over the past f i f t e e n years 
which emphasize the use of a n a l y t i c a l and tr a n s m i s s i o n e l e c t r o n 
microscopy i n the c h a r a c t e r i z a t i o n of c a t a l y s t s . Reviews (1 -5) of 
these s t u d i e s emphasize the r e l a t i o n s h i p between the s t r u c t u r e of 
the s i t e and c a t a l y t i c a c t i v i t y and s e l e c t i v i t y . Most commercial 
c a t a l y s t s do not r e a d i l y permit such c l e a r d i s t i n c t i o n of p h y s i c a l 
p r o p e r t i e s w i t h performance. The importance of e s t a b l i s h i n g the 
p r o x i m i t y of elements, elemental d i s t r i b u t i o n and component p a r t i c l e 
s i z e i s o f t e n overlooked as v i t a l i n f o r m a t i o n i n the design and 
e v a l u a t i o n of c a t a l y s t s . For example, t h i s i n t e r a c t i v e approach was 
s u c c e s s f u l l y used i n the development of a Fischer-Tropsch c a t a l y s t 
(6). Although some measurements on commercial c a t a l y s t s can be made 
r o u t i n e l y w i t h a STEM, there are complex c a t a l y s t s which r e q u i r e 

0097-6156/89/0411-0342$06.00/0 
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31. TARGOS & BRADLEY Characterization of Catalysts by STEM 343 

tedious a n a l y t i c a l approaches. The methodology and l i m i t a t i o n s as 
they apply to commercial c a t a l y s t s w i l l be discussed i n t h i s paper. 

Most of the s t u d i e s reported i n the l i t e r a t u r e use transmis
s i o n e l e c t r o n microscopes, TEM or a modified TEM w i t h scanning 
f e a t u r e s c a l l e d a scanning t r a n s m i s s i o n e l e c t r o n microscope, STEM. 
These modified microscopes are r e f e r r e d to as TEM/STEM. There i s 
a l s o another type of microscope, a dedicated scanning t r a n s m i s s i o n 
e l e c t r o n microscope (STEM), which o f f e r s unique advantages w i t h 
regard to the a n a l y t i c a l aspects of the measurements made i n charac
t e r i z i n g c a t a l y s t s . The primary advantage the STEM has over a 
conventional TEM i s that a more intense e l e c t r o n beam can be r o u t i n 
e l y focused i n t o an l.Onm beam s i z e . The reason f o r t h i s advantage 
i s t h a t a f i e l d emission e l e c t r o n source i s used to generate the 
e l e c t r o n beam. Thus nano-sized c r y s t a l l i t e s can be e a s i l y iden
t i f i e d and c h a r a c t e r i z e d . I n general, the two instruments compli
ment each other and should be used together when c h a r a c t e r i z i n g 
c a t a l y s t s . Most of the comments made i n t h i s paper w i l l be from the 
p o i n t of view of u s i n g the dedicated STEM. F i n a l l y , as w i t h most 
problems encountered i n i n d u s t r y , a m u l t i p l e technique approach 
should be implemented when p o s s i b l e to achieve a b e t t e r understand
ing of the problem. 

Experimental 

The microscope used i n o b t a i n i n g the r e s u l t s presented i n t h i s paper 
was a Vacuum Generators HB-5 STEM. A Kevex energy d i s p e r s i v e x-ray 
spectrometer, EDS, w i t h 10mm2 Be window was used f o r the elemental 
m i c r o a n a l y s i s . 

Specimen p r e p a r a t i o n f o r c a t a l y s t s i s not as severe a problem 
as i s commonly found f o r m e t a l l u r g i c a l or ceramic samples. For 
example, reasonably good specimens can be prepared by simply g r i n d 
i n g a c a t a l y s t i n t o a f i n e powder, suspending the powder i n i s o p r o -
panol, and d e p o s i t i n g the suspension on a carbon coated nylon or 
copper g r i d . This approach r e s u l t s i n a wide range of p a r t i c l e 
s i z e s from which to observe unique morphological fe a t u r e s and 
determine the composition and s t r u c t u r a l p r o p e r t i e s of the c a t a l y s t . 

Ultramicrotoming a c a t a l y s t can a l s o provide unique informa
t i o n to the a n a l y s t . Since the thickness i s uniform throughout the 
specimen, elemental p a r t i c l e i n f o r m a t i o n , metals d i s t r i b u t i o n and 
s t r u c t u r a l i n f o r m a t i o n not obtained by the g r i n d i n g method can be 
obtained (7-8). The l i m i t a t i o n s are that i t i s more time consuming 
and c o s t l y than the g r i n d i n g or scr a p i n g method. A l s o specimens may 
not n e c e s s a r i l y be obtained from the exact r e g i o n of i n t e r e s t . 

In both p r e p a r a t i v e methods the i n t e g r i t y of the c a t a l y s t i s 
compromised. Exposure to ambient c o n d i t i o n s , e x t e r i o r chemical 
environments, and exposure to hig h vacuum i n the microscope may 
a l t e r the c a t a l y s t p r o p e r t i e s . Employment of s p e c i a l chambers f o r 
redox pretreatments and/or environmental microscopes provides some 
a s s i s t a n c e i n overcoming these problems (9). I t appears t h a t 
r e g a r d l e s s of the approach taken, compromises i n specimen prepara
t i o n or instrumental performance must be made. These f a c t o r s must 
be kept i n mind when i n t e r p r e t i n g r e s u l t s obtained from e l e c t r o n 
microscopic measurements. 
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344 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Commercial and Experimental C a t a l y s t s 

Many of the TEM st u d i e s of c a t a l y s t s r eported i n the l i t e r a t u r e use 
model c a t a l y s t s w i t h v i s i b l e metal c r y s t a l l i t e s supported on a metal 
oxide support, which u s u a l l y i s s e l e c t e d because i t o f f e r s minimal 
e l e c t r o n s c a t t e r i n g i n t e r f e r e n c e . These model c a t a l y s t s are s t u d i e d 
because d i r e c t measurements regarding c r y s t a l l i t e s i z e and s t r u c t u r e 
can be made. E x t r a p o l a t i o n of t h i s i n f o r m a t i o n to sma l l e r metal 
c l u s t e r s i z e s u s u a l l y present i n commercial c a t a l y s t s i s a n t i c i p a t e d 
to provide i n s i g h t i n t o the r e l a t i o n s h i p between s t r u c t u r e and 
chemical r e a c t i v i t y (10). 

Commercial f r e s h , spent, and regenerated c a t a l y s t s e x h i b i t a 
wide range of metal d i s t r i b u t i o n s and d i s p e r s i o n s . I d e a l l y , the 
c a t a l y t i c chemist would l i k e to know i n d e t a i l the s t r u c t u r e , quan
t i t y , and d i s t r i b u t i o n of the c a t a l y t i c s i t e s . There are a number 
of experimental l i m i t a t i o n s which i n h i b i t such a complete survey of 
the p r o p e r t i e s of the c a t a l y s t . Often commercial c a t a l y s t s w i l l not 
have r e a d i l y i d e n t i f i a b l e s i t e s , i . e . , c r y s t a l l i t e s which can be 
observed and analyzed f o r s t r u c t u r a l and compositional p r o p e r t i e s . 
This i s u s u a l l y the case encountered f o r f r e s h c a t a l y s t s which have 
metal loadings below 0.5 wt.% and on supports which o f f e r a hi g h 
degree of i n t e r f e r e n c e from e l e c t r o n s c a t t e r . On a c a t a l y s t of t h i s 
type, o f t e n only i n f o r m a t i o n on the u n i f o r m i t y of the elemental 
d i s t r i b u t i o n can be determined. In general, the dedicated STEM w i l l 
a l l o w the m i c r o s c o p i s t to determine compositional analyses on 
volumes of approximately 40 nm3. An example of two supports 
s y n t h e s i z e d by s i m i l a r procedures and analyzed f o r u n i f o r m i t y i s 
shown i n Table I. I t i s obvious from the standard d e v i a t i o n t h a t 
support A was not made as w e l l as B. This problem was r e s o l v e d by 
a l t e r i n g mixing v a r i a b l e s . Subtle v a r i a t i o n s of t h i s type o f t e n 
have a dramatic i n f l u e n c e on c a t a l y s t performance. C a t a l y t i c a l l y 
a c t i v e metals on supports can a l s o be monitored i n t h i s manner (11). 

Many commercial c a t a l y s t s employ mixtures of s e v e r a l metal 
oxides. The advantages of these mixed oxide systems v a r i e s from 
thermal s t a b i l i t y to enhanced a c i d i c p r o p e r t i e s and/or support metal 
i n t e r a c t i o n s . The dedicated STEM does an e x c e l l e n t job of i d e n t i f y 
i n g the i n d i v i d u a l mixed oxide components and determining l o c a t i o n 
of the c a t a l y t i c metals. 

Being able to o b t a i n i n f o r m a t i o n on the metals d i s t r i b u t i o n 
and d i s p e r s i o n as a f u n c t i o n of p r e p a r a t i v e , o p e r a t i o n a l , and 
regen e r a t i o n c o n d i t i o n s i s v i t a l l y important i n h e l p i n g d i r e c t the 
o p t i m i z a t i o n of new c a t a l y s t f o r m u l a t i o n s . A f t e r a c a t a l y s t has 
been exposed to operating and/or carbon burn c o n d i t i o n s , metals 
agglomeration may occur. Also there may be circumstances wherein 
the f r e s h c a t a l y s t might have s p e c i f i e d s i z e metal c r y s t a l l i t e s . In 
these cases, the c h a r a c t e r i z a t i o n by STEM becomes more complex. 
Thorough c h a r a c t e r i z a t i o n r e q u i r e s compositional and s t r u c t u r a l 
i n f o r m a t i o n of the d i f f e r e n t s i z e c r y s t a l l i t e s , and to what extent 
a l l of the c r y s t a l l i t e s comprise the t o t a l amount of metal present. 
This i s a d i f f i c u l t i f not impossible task to c a r r y out i n some 
cases because of the i n t e r f e r e n c e the support lends to the a n a l y s i s 
problem. In Figure 1, a micrograph of 2-3 nm p l a t i n u m - c r y s t a l l i t e s 
on 7 - A l 2 0 3 i s shown. Although there are many c o n t r a s t i n g f e a t u r e s , 
only those i n d i c a t e d by arrows were platinum. This i n f o r m a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
03

1



31. TARGOS & BRADLEY Characterization of Catalysts by STEM 345 

Comparison of Two D i f f e r e n t l y Prepared 
S i l i c a - A l u m i n a Supports 

Support A Support B 

Weight % Weight % 

A l S i A l S i 

47, .0 53, .0 35, .1 64, .9 
33. .0 67, .0 30. .5 69, .5 
21. .1 78, .9 36, .6 63, .4 
40. .9 59, .1 34. .1 65, .9 
20, .1* 79, .9 34, .9 65, .1 
26. .2 73, .8 33, .8 66, .2 
50, .2 49, .8 34. .0 66, .0 
59, .3 40, .8 32. ,3 67, .7 
60, .0 40, .0 36. .7 63, .3 
30. ,4 68, .6 28. ,6 71, .4 
38. ,8±14.9 61, .2±14.9 33. ,9 66, .1 

37. ,0 63, .0 
34. ,0±2.5 66. .0±2.5 

Figure 1. Platinum c r y s t a l l i t e s on 7-alumina. 
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346 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c o u l d only be v e r i f i e d by a p o i n t by p o i n t m i c r o a n a l y s i s u s i n g EDS. 
X-ray mapping u s u a l l y does not provide s u f f i c i e n t s i g n a l to noise 
f o r d i s t i n g u i s h i n g 2-3nm c r y s t a l l i t e s from the support(12). 
Increased sweep times w i t h s t a t e of the a r t EDS det e c t o r s may i n 
some cases provide s u f f i c i e n t s e n s i t i v i t y to make t h i s measurement. 
Consequently, the e l e c t r o n beam must be d i r e c t e d to a very s m a l l 
volume of c a t a l y s t by oper a t i n g a t hi g h m a g n i f i c a t i o n s , i . e . , 20 
m i l l i o n times i n a r a s t e r or spotted beam mode. Often count times 
of up to 100 seconds or more are r e q u i r e d to determine i f an area of 
hi g h c o n t r a s t contains a c a t a l y t i c metal. This experiment i s 
ted i o u s , but i n many instances i s the only p r a c t i c a l approach. 

There are s i t u a t i o n s i n which c r y s t a l l i t e s are r e a d i l y v i s i b 
l e , e s p e c i a l l y on supports which do not o f f e r excessive e l e c t r o n 
s c a t t e r . I n these cases, metal content can be q u a n t i t a t i v e l y 
determined f o r areas which have h i g h l y d i s p e r s e d metal and agglomer
ated metal. This i n f o r m a t i o n i n c o n j u n c t i o n w i t h the c r y s t a l l i t e 
s i z e d i s t r i b u t i o n provides the m i c r o s c o p i s t w i t h the i n f o r m a t i o n 
r e q u i r e d to make an estimate of metal d i s p e r s i o n (13). These 
estimates are v a l u a b l e e s p e c i a l l y i n s i t u a t i o n s where conventional 
gas a d s o r p t i o n measurements cannot be made on the metal, i . e . , when 
the c r y s t a l l i t e s are contaminated, have m u l t i p l e o x i d a t i o n s t a t e s , 
or are poisoned. 

One of the d i f f i c u l t i e s i n d i r e c t l y a n a l y z i n g s t r u c t u r e s of 
c r y s t a l l i t e s w i t h a 1-3 run s i z e range i s t h e i r beam s e n s i t i v i t y . 
Some c r y s t a l l i t e s w i l l d i s s o c i a t e i n the beam wh i l e others tend to 
agglomerate (14). The mass of the c r y s t a l l i t e , support-metal i n t e r 
a c t i o n , chemical environment, o x i d a t i o n s t a t e of the metal, e t c . , 
a l l have an i n f l u e n c e on how the c r y s t a l l i t e and e l e c t r o n beam 
i n t e r a c t . In order to formulate a c o r r e l a t i o n of these v a r i a b l e s 
w i t h c r y s t a l l i t e r e a c t i v i t y w i t h the beam, the c r y s t a l l i t e s i t e 
chemistry i s r e q u i r e d . This i s d i f f i c u l t i f not impossible to do 
because the s i t e chemistry i s a l t e r e d during microscopic examina
t i o n . With p a r a l l e l EELS d e t e c t i o n the time may be s u f f i c i e n t l y 
reduced t h a t u s e f u l chemical i n f o r m a t i o n can be obtained and 
c o r r e l a t i o n s of the type p r e v i o u s l y described can be made. 

The s e n s i t i v i t y of these small c r y s t a l l i t e s to the e l e c t r o n 
beam makes o b t a i n i n g m i c r o d i f f r a c t i o n p a t t erns very d i f f i c u l t . 
U s u a l l y apparatus which i n v o l v e s s p e c i a l i z e d o p t i c s and e l e c t r o n i c 
monitoring devices such as those developed by Cowley (15) can reduce 
beam exposure time and thus provide some meaningful data which might 
be u s e f u l i n studying the support-metal i n t e r a c t i o n or s t r u c t u r e -
r e a c t i v i t y r e l a t i o n s h i p . 

There are two approaches which enhance o b s e r v a t i o n of 1-2 nm 
supported metal c r y s t a l l i t e s . One i s annular dark f i e l d or Z-con-
t r a s t d e t e c t i o n (16) and the other i s c a l l e d a x i a l dark f i e l d (17). 
These techniques can be e a s i l y u t i l i z e d f o r simple c a t a l y s t composi
t i o n s . The annular dark f i e l d d e t e c t i o n method analyzes e l a s t i c a l l y 
s c a t t e r e d e l e c t r o n s at wide angles from the c e n t r a l beam. The 
s c a t t e r i n g angle i s a f u n c t i o n of atomic number. Consequently, 
elements such as platinum are e f f e c t i v e l y observed i n low atomic 
number supports such as A l 2 0 3 or S i 0 2 (18) . The method i s a l s o 
e f f e c t i v e i n d e t e c t i n g l a r g e r c r y s t a l l i t e s i n support p a r t i c l e s 
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31. TARGOS & BRADLEY Characterization of Catalysts by STEM 347 

u s u a l l y too t h i c k f o r e l e c t r o n beam tr a n s m i s s i o n . Such an example 
f o r 10-60 nm platinum c r y s t a l l i t e s on alumina i s shown i n Figure 2. 
Vary i n g the b l a c k l e v e l of the p h o t o m u l t i p l i e r can enhance imaging 
of the c r y s t a l l i t e s by making them look l i g h t e r or darker w i t h 
respect to the support. The a x i a l dark f i e l d imaging i s achieved by 
o b t a i n i n g a m i c r o - d i f f r a c t i o n p a t t e r n of a c r y s t a l l i t e , t i l t i n g the 
e l e c t r o n beam so as to move one of the d i f f r a c t i o n spots to the 
o p t i c a x i s , and then imaging w i t h t h i s d i f f r a c t e d beam. I f the 
c r y s t a l l i t e s present have s u f f i c i e n t l y d i f f e r e n t l a t t i c e spacings 
from the support, the c r y s t a l l i t e s w i l l be h i g h l i g h t e d on the dark 
f i e l d image. For example, i n Figure 3, c r y s t a l l i t e s on carbon are 
shown u s i n g t h i s technique. Cowley and G a r c i a (19) demonstrated 
t h i s technique on the more complicated Rh/Ce0 2 system. Attempts to 
use t h i s approach f o r platinum on 7-Al 20 3 w i l l not work, because the 
major d i f f r a c t i o n spots f o r Pt and 7-Al 2 0 3 cannot be d i f f e r e n t i a t e d . 

The ease of a n a l y s i s depends on how w e l l some of these t e c h n i 
ques are i n t e g r a t e d w i t h one another to e s t a b l i s h how the c a t a l y s t 
i s designed. For monometallic supported c a t a l y s t s p r e v i o u s l y 
d e s c ribed, more of these techniques are a p p l i c a b l e because of the 
reduced i n t e r f e r e n c e from the support. The options are reduced as 
the support composition becomes more complex. There are some 
commercial c a t a l y s t s which c o n t a i n m u l t i m e t a l l i c s i t e s on complex 
metal oxide supports. D i r e c t m i c r o a n a l y s i s of areas by EDS i s 
sometimes the only approach t h a t can be taken, e s p e c i a l l y i f the 
metals are h i g h l y dispersed. I f c r y s t a l l i t e s are present, x-ray 
mapping (20) might be a f e a s i b l e approach f o r q u i c k l y e s t a b l i s h i n g 
the extent of b i m e t a l l i c formation. Sometimes b i m e t a l l i c c r y s t a l 
l i t e s have s p e c i f i c morphological c h a r a c t e r i s t i c s which enable the 
mi c r o s c o p i s t to i d e n t i f y the b i m e t a l l i c c r y s t a l l i t e s . I n Figures 4a 
and b, a c a t a l y s t comprised of Ru/Ir on 7-Al 2 0 3 and Ru on 7-Al 20 3, 
r e s p e c t i v e l y are shown. The Ru/Ir c r y s t a l l i t e s are elongated 
whereas the Ru c r y s t a l l i t e s are symmetrical. EDS shows these Ru/Ir 
c r y s t a l l i t e s to have a composition of 80 wt.% Ru and 20 wt.% I r . 
Thus by v i s u a l o b s e r v a t i o n a r a p i d e v a l u a t i o n of the extent of 
b i m e t a l l i c formation can be made f o r t h i s c a t a l y s t . However, most 
of the time the data are not e a s i l y obtained and i n d i v i d u a l analyses 
of areas of i n t e r e s t must be made. 

There are a l s o c a t a l y s t formulations which have h i g h l y d i s 
persed metals which are d e l i b e r a t e l y heterogeneously d i s t r i b u t e d on 
a support. I f the m i c r o s c o p i s t i s aware of the s i t u a t i o n , he can 
take precautions i n the sample p r e p a r a t i o n . This type of sample i s 
the worst p o s s i b l e case to analyze because not only does the a n a l y s t 
have a complex mixture of components to s o r t out, but the a n a l y s i s 
s t a t i s t i c s are very poor. Consequently, a d d i t i o n a l time i s u s u a l l y 
r e q u i r e d to survey the c a t a l y s t p a r t i c l e s i n order to e s t a b l i s h a 
consensus of how i t was constructed. S p e c i a l i z e d specimen prepara
t i o n such as ultramicrotoming and sc r a p i n g the e x t e r i o r of a sphere 
or extrudate may a l l e v i a t e some of the i n t e r p r e t a t i o n problems. 
A d d i t i o n a l a i d may be s o l i c i t e d from a scanning e l e c t r o n microscope 
wherein an elemental d i s t r i b u t i o n of a p o l i s h e d cross s e c t i o n of the 
c a t a l y s t sphere or extrudate can be made. 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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348 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 2. Platinum c r y s t a l l i t e s on t h i c k p a r t i c l e s of 7-alumina 
u s i n g annular dark f i e l d . 

F igure 3. Platinum c r y s t a l l i t e s on a carbon f i l m u s i n g a x i a l 
dark f i e l d . 
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31. TARGOS & BRADLEY Characterization of Catalysts by STEM 349 

Figure 4 a . Ruthenium - i r i d i u m elongated c r y s t a l l i t e s on 7-
alumina. 

Figure 4 b . Ruthenium on 7-alumina. 
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350 CHARACTERIZATION AND CATALYST DEVELOPMENT 

C a t a l y s t Poisons 

Any c a t a l y s t exposed to r e a c t i o n c o n d i t i o n s may have been subjected 
to poisons. I n some cases, a n a l y s i s by STEM of i n d i v i d u a l c r y s t a l 
l i t e s w i l l detect the poison (12). This i s p r i m a r i l y because the 
a c t i v e c a t a l y s t s i t e may s e l e c t i v e l y scavenge the poison thus con
c e n t r a t i n g i t to a l e v e l of d e t e c t a b i l i t y . I n many cases, however, 
the poisons are at low concentrations and may remain undetected by 
STEM. 

C a t a l y s t S t a b i l i t y Under Beam Exposure 

I t may be taken f o r granted t h a t a n a l y s i s f o r a l l elements on a 
c a t a l y s t support work e q u a l l y w e l l . We have performed experiments 
on many d i f f e r e n t c a t a l y s t s and have found t h a t elements such as CI, 
K, Na, and S are very s e n s i t i v e to the e l e c t r o n beam. CI and S 
appear to v o l a t i l i z e i n the vacuum w h i l e K and Na move away from the 
i n c i d e n t beam. This i s e s p e c i a l l y true when the beam i s spotted 
d i r e c t l y onto the p a r t i c l e versus u s i n g the l e s s damaging r a s t e r 
mode. Examples of how elemental analyses of a BaS0 A, z e o l i t e , and 
NaCl p a r t i c l e s vary as a f u n c t i o n of time are shown i n Figure 5. 

Often c a t a l y s t m a t e r i a l s are viewed as being extremely s t a b l e 
because they are exposed to severe o x i d a t i o n and r e d u c t i o n condi
t i o n s a t very h i g h temperature and are consequently s t a b i l i z e d by 
such treatments. In a n a l y z i n g a c a t a l y s t w i t h an e l e c t r o n beam many 
i n t e r e s t i n g chemical r e a c t i o n s may occur which render the support 
metastable. Many examples have been s i g h t e d i n the l i t e r a t u r e (21) 
which show supports such as z e o l i t e s , alumina, and s i l i c a degrade 
under an e l e c t r o n beam. I t i s of i n t e r e s t to note t h a t although 
beam damage may occur i n a l l cases, the extent of degradation 
appears to be h i g h l y v a r i a b l e . We have observed instances i n which 
z e o l i t e s and/or alumina have shown v a r i a b l e r e a c t i v i t y i n an e l e c 
t r o n beam. Sometimes p a r t i c l e s obtained from the same c a t a l y s t may 
e x h i b i t d i f f e r e n t beam s e n s i t i v i t y . I t i s p o s s i b l e t h a t the cata
l y s t was not completely transformed to a s t a b l e c o n d i t i o n d uring 
p r e p a r a t i o n . 

Atomic rearrangement and/or f u r t h e r r e d u c t i o n of c r y s t a l l i t e s 
w i t h mixed o x i d a t i o n s t a t e s (22) as a f u n c t i o n of e l e c t r o n beam 
exposure have been observed. We have noted t h a t metal c r y s t a l l i t e s 
l e s s than 4 nm i n s i z e are p a r t i c u l a r l y s u s c e p t i b l e to beam i r r a d i a 
t i o n damage. 

Another phenomenon commonly observed i n the a n a l y s i s of 
c a t a l y s t s i s the d e p o s i t i o n of carbon i n the area of beam concentra
t i o n (23). I n many instances t h i s can be a s s o c i a t e d w i t h r e s i d u a l 
organic m a t e r i a l l e f t on the carbon coated g r i d s . We have a l s o 
found t h a t the c a t a l y s t p a r t i c l e s themselves may have organic d e b r i s 
on them which subsequently r e a c t i n the e l e c t r o n beam c r e a t i n g 
carbonaceous m a t e r i a l . U n f o r t u n a t e l y , t h i s may d i s r u p t o b s e r v a t i o n 
of s m a l l c r y s t a l l i t e s and/or the q u a n t i t a t i v e a n a l y s i s of the 
p a r t i c l e . For example, STEM examination of a Fischer-Tropsch 
c a t a l y s t which had wax deposited on the alumina p a r t i c l e s c o n t a i n i n g 
Ru c r y s t a l l i t e s was made. Due to the r e a c t i v i t y of the wax i n the 
e l e c t r o n beam the p a r t i c l e s turned p r o g r e s s i v e l y darker as a func
t i o n of exposure time, u n t i l f i n a l l y the Ru c r y s t a l l i t e s were not 
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Figure 5. E f f e c t of the e l e c t r o n beam on the K/Si r a t i o f o r a 
z e o l i t e , Cl/Na r a t i o f o r NaCl, and S/Ba r a t i o f o r BaS0 4. 
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352 CHARACTERIZATION AND CATALYST DEVELOPMENT 

observable. C a t a l y s t s which c o n t a i n carbon from other r e a c t i o n s i n 
which the carbon i s h i g h l y unsaturated show l i t t l e beam i n t e r a c t i o n . 

Sometimes the o r i g i n of the carbon d e p o s i t i o n and/or other 
contamination e f f e c t s may not be r e a d i l y i d e n t i f i a b l e . A d d i t i o n a l 
p r e p a r a t i o n may be r e q u i r e d to o b t a i n a specimen which can be 
analyzed. For example, p l a c i n g the c a t a l y s t p a r t i c l e s on d i f f e r e n t 
carbon coated g r i d s , u s i n g a d i f f e r e n t method f o r d e p o s i t i n g the 
c a t a l y s t p a r t i c l e s , or usi n g a d i f f e r e n t g r i d f i l m such as s i l i c a 
may o f f e r a l t e r n a t i v e approaches f o r o b t a i n i n g u s e f u l e l e c t r o n 
micrographs. 

A n a l y s i s of L i g h t Elements 

A means of probing carbon and the l i g h t elements may be more e f f e c 
t i v e l y achieved w i t h e l e c t r o n energy l o s s spectroscopy, EELS. With 
the implementation of the p a r a l l e l EELS dete c t o r (24), the s e n s i t i v 
i t y of t h i s technique has increased d r a m a t i c a l l y , maybe 1000 f o l d . 
Small c l u s t e r s of atoms may be de t e c t a b l e , <1 nm i n s i z e , and/or 
a n a l y s i s of areas w i t h low c o n c e n t r a t i o n of elements can be perform
ed which were beyond p r e v i o u s l y detectable l i m i t s . Consequently, 
very low l e v e l s of carbon, oxygen, n i t r o g e n , magnesium, and l i t h i u m 
should be t h e o r e t i c a l l y d e t e c t a b l e . Obviously, a s e r i o u s problem 
w i t h o b t a i n i n g a n a l y s i s of these elements i s t h e i r s u s c e p t i b i l i t y to 
r a d i a t i o n damage. The p a r a l l e l EELS detector w i l l reduce counting 
times d r a m a t i c a l l y , maybe to l e s s than 1 sec. This may or may not 
be s a t i s f a c t o r y i n minimizing r a d i a t i o n damage at the area of 
i n t e r e s t , e s p e c i a l l y i f q u a n t i t a t i v e i n f o r m a t i o n i s d e s i r e d . 

Other types of in f o r m a t i o n which can be obtained u s i n g EELS 
are o x i d a t i o n s t a t e , c o o r d i n a t i o n number, and c l u s t e r s i z e of 
hea v i e r atomic number elements (25). A p p l i c a b i l i t y and f e a s i b i l i t y 
i s j u s t s t a r t i n g to be demonstrated. There are many problems 
a s s o c i a t e d w i t h t r y i n g to o b t a i n u s e f u l q u a n t i t a t i v e i n f o r m a t i o n on 
smal l volumes of c a t a l y s t . The major concern i s r a d i a t i o n damage. 
Others i n c l u d e , contamination, sample p r e p a r a t i o n , beam r e a c t i v i t y 
( e s p e c i a l l y c r u c i a l f o r redox i n f o r m a t i o n ) , c l u s t e r m i g r a t i o n and 
r e d i s p e r s i o n , support r e a c t i v i t y w i t h the c a t a l y s t metals, and 
des o r p t i o n of some elements under high vacuum. 

Summary 

The dedicated STEM o f f e r s unique instr u m e n t a l c a p a b i l i t i e s f o r 
d i r e c t l y observing and determining the composition of small c r y s t a l 
l i t e and nano-volumes of c a t a l y s t supports. This provides a 
d i s t i n c t advantage to the c a t a l y t i c chemist i n c h a r a c t e r i z i n g 
complex supported metal systems. The s t a t i s t i c s i n microscopic 
a n a l y s i s are poor thus i m p a i r i n g d e c i s i v e i n t e r p r e t a t i o n of data. 
The a v a i l a b i l i t y of an extensive data base and corresponding cata
l y s t background may a i d the m i c r o s c o p i s t i n the d e c i s i o n making 
process. The l i m i t a t i o n of specimen p r e p a r a t i o n and beam s e n s i t i v i 
t y must be recognized and considered i n the e v a l u a t i o n process. 
F i n a l l y , use of a m u l t i p l e technique approach should be implemented 
whenever p o s s i b l e to ensure th a t c o r r e c t i n t e r p r e t a t i o n of the 
chemical and s t r u c t u r a l p r o p e r t i e s of the c a t a l y s t are made. 
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Chapter 32 

Characterization of Fluid Cracking Catalysts 
by Imaging Secondary-Ion Mass Spectrometry 

D. P. Leta and E. L. Kugler 

Exxon Research and Engineering Company, Annandale, NJ 08801 

In the field of catalysis SIMS has primarily been used in the static 
mode to monitor the presence of surface species and contaminants. 
In 1981 Jaras(1) showed the use of SIMS images to detect laboratory 
doped metallic poisons in petroleum cracking catalysts. We have 
done extensive imaging SIMS of commercial catalyst systems for the 
purpose of trace metal characterization, particularly for fluidized 
catalytic cracking (FCC) catalysts. FCC catalysts are used to 
convert high boiling petroleum fractions into lighter fuels, 
especially gasoline and home heating oils. 

FCC catalyst particles, with diameters in the 40-150 micrometer 
range, are composed of mixtures of zeolite and clay particles, 
additives, binders, and contaminants. The characterization of the 
different submicron phases within each particle, with elemental 
concentrations of interest from the ppm to tens of percent range, 
presents a formidable analytical challenge. Metals in hydrocarbon 
feedstocks can deposit on processing catalysts and change catalyst 
performance with time. In FCC, nickel and vanadium often present at 
several ppm concentration in the feed accumulate quantitatively on 
the catalyst and severely affect operations. Both metals increase 
hydrogen and coke, and decrease gasoline yields at concentrations in 
the hundreds to thousands of ppm range. The necessity or 
desirability of processing high metal feeds in an FCC unit has 
generated much research on how metals affect catalyst particles and 
how metal effects can be controlled. 

Imaging SIMS s t u d i e s o f such systems can overcome many o f the 
l i m i t a t i o n s o f e l e c t r o n microprobe measurements commonly used. 
Imaging a n a l y s e s o f c r a c k i n g c a t a l y s t s by e l e c t r o n probe are l i m i t e d 
by the s e v e r a l micron e x c i t a t i o n volume o f the e l e c t r o n s i n a l i g h t 
o xide m a t r i x . The r e s u l t a n t r e s o l u t i o n i s normally i n s u f f i c i e n t t o 
c l e a n l y d e f i n e the sub-micron phases o f the c r a c k i n g c a t a l y s t . 
A d d i t i o n a l l y , elemental s e n s i t i v i t i e s are o f t e n surpassed by f a c t o r s 
o f thousands by the SIMS technique, p a r t i c u l a r l y when a p p l y i n g 
d i r e c t imaging SIMS, i n which a m u l t i p l e x advantage i s o b t a i n e d by 
c o l l e c t i n g s i g n a l f o r an e n t i r e elemental image s i m u l t a n e o u s l y . The 

0097-6156/89/0411-0354$06.00/0 
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32. LETA & KUGLER Characterization of Catalysts by Imaging SIMS 355 

very high s e n s i t i v i t y o f imaging SIMS all o w s r e a l - t i m e elemental 
viewing o f the c r a c k i n g c a t a l y s t p a r t i c l e s making i t p o s s i b l e , and 
even convenient, t o c a r e f u l l y i n s p e c t tens t o hundreds o f p a r t i c l e s 
b e f o r e drawing c o n c l u s i o n s about elemental d i s t r i b u t i o n s . T h e a b i l i t y 
t o view l i g h t elements, submicron l a t e r a l r e s o l u t i o n , and f a r 
s u p e r i o r s e n s i t i v i t y makes new types o f experiments and 
c h a r a c t e r i z a t i o n s p o s s i b l e with SIMS. In a d d i t i o n t o being a b l e t o 
view the homogeneity and d i s t r i b u t i o n o f each o f the component 
phases w i t h i n each c a t a l y s t p a r t i c l e , imaging SIMS can f o l l o w the 
movement and i n t e r a c t i o n o f the n i c k e l and vanadium c a t a l y s t 
p o i s o n s . Although n i c k e l seems to be r e l a t i v e l y immobile f o l l o w i n g 
i t s d e p o s i t i o n , we have found t h a t vanadium i s p a r t i a l l y f r e e t o 
move from p a r t i c l e t o p a r t i c l e as w e l l as w i t h i n an i n d i v i d u a l 
p a r t i c l e . The a t t a c k o f vanadium on the a c t i v e z e o l i t e phase o f the 
c a t a l y s t can be seen d i r e c t l y , and the m o d i f y i n g e f f e c t s o f c a t a l y s t 
composition on t h i s a t t a c k can be observed. Imaging SIMS a l s o has 
the unique u t i l i t y o f i d e n t i f y i n g and a n a l y z i n g i n d i v i d u a l c a t a l y s t 
p a r t i c l e s i n mixtures o f c a t a l y s t types from a c t u a l f i v e hundred ton 
c a t a l y s t l o a d r e f i n e r y u n i t s , making t r a c e r s t u d i e s p o s s i b l e . 

EXPERIMENTAL 
P r i o r to a n a l y s i s , the FCC c a t a l y s t samples were embedded i n copper 
doped t h e r m o s e t t i n g epoxy t o pr o v i d e i n c r e a s e d e l e c t r i c a l 
c o n d u c t i v i t y . They were dry p o l i s h e d with s i l i c o n c a r b i d e t o 
approximate c r o s s - s e c t i o n s . 

The SIMS analyses were performed u s i n g a CAMECA IMS-3F ion 
microprobe / microscope, equipped with an ion image c o l l e c t i o n 
system d e s c r i b e d i n d e t a i l e l sewhere(2). The h e a r t o f the system i s 
an u l t r a - h i g h g a i n video camera ( Z e i s s TV-2M) which i n c o r p o r a t e s two 
m u l t i c h a n n e l p l a t e i n t e n s i f i e r s p r i o r t o i t s v i d e o tube, which 
t o g e t h e r with the m u l t i c h a n n e l p l a t e i n t e g r a l t o the IMS-3F's ion to 
l i g h t c o n v e r s i o n system, p r o v i d e s s u f f i c i e n t g a i n t o view i n d i v i d u a l 
ions w h i l e r e t a i n i n g high s p a c i a l r e s o l u t i o n . The second stage o f 
the image c o l l e c t i o n system, a 512x512 vi d e o d i g i t i z e r (MCI's 
CRYSTAL), performs i n t e g r a t i o n , r e c u r s i v e a d d i t i o n and image 
s u b t r a c t i o n at video r a t e s . In t h i s way ion images a r i s i n g from 
very low count r a t e s which may look much l i k e n o i s e because o f the 
slow i o n a r r i v a l r a t e may be formed i n t o viewable high r e s o l u t i o n 
images. The p r o c e s s o r may a l s o perform programmable kernal 
d e c o n v o l u t i o n s on f r o z e n images t o improve the apparent s p a c i a l 
r e s o l u t i o n , as w e l l as a d j u s t i n g the ion image's c o n t r a s t and 
b r i g h t n e s s f o r v i e w a b i l i t y . Once the ion image c o l l e c t i o n i s 
complete the v i d e o s i g n a l i s passed t o an O p t i c a l Laser Disk 
Recorder (Panasonic) f o r permanent st o r a g e with very high f i d e l i t y . 
P o s t - a n a l y s i s m u l t i p l e element p r o c e s s i n g i s accomplished by 
t r a n s f e r r i n g the ion images t o a Gould/VAX based image p r o c e s s i n g 
computer which has e x t e n s i v e image math c a p a b i l i t i e s . T h i s type o f 
vide o based image c o l l e c t i o n and m a n i p u l a t i o n system surpasses o t h e r 
methods i n i t s ease o f use, speed, dynamic range, s t o r a g e c a p a c i t y 
and r e s o l u t i o n . 
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356 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Oxygen as O2+ was used as the primary ion bombardment s p e c i e s , 
at an impact energy o f 10.5 keV, with primary c u r r e n t s i n the 
s e v e r a l microampre range. In order t o e l i m i n a t e the e f f e c t s o f 
p o l i s h i n g damage and contamination on the s u r f a c e s o f the samples, 
they were p r e - s p u t t e r e d t o a depth o f se v e r a l microns b e f o r e 
elemental images were c o l l e c t e d . T h i s p r e s p u t t e r i n g i s an e s s e n t i a l 
step p o s s i b l e with t h i s type o f high primary i o n c u r r e n t SIMS 
a n a l y s i s i n t h a t the mixing o f the c r y s t a l l i t e s o f the c r a c k i n g 
c a t a l y s t p a r t i c l e s which occurs d u r i n g p o l i s h i n g , p a r t i c u l a r l y i n 
dry p o l i s h i n g , obscures the t r u e p o s i t i o n s o f the phases and the 
t r a c e elements. The atomic mixing which t h i s type o f heavy 
s p u t t e r i n g causes, on the s i z e s c a l e o f tens t o hundreds o f 
angstroms o n l y , does not change the 5000 angstrom r e s o l u t i o n 
microelemental a n a l y s i s r e s u l t s but i n s t e a d i n c r e d i b l y g e n t l y 
removes from c o n s i d e r a t i o n the c a t a l y s t l a y e r d i s t u r b e d by sample 
p r e p a r a t i o n . 

RESULTS AND DISCUSSION 
Most types o f FCC c a t a l y s t are manufactured by mixing submicron 
s i z e d z e o l i t e c r y s t a l s , u s u a l l y r a r e e a r t h exchanged t o improve 
a c t i v i t y and hydrothermal s t a b i l i t y , with a c l a y such as k a o l i n , and 
a s i l i c a and/or alumina b i n d e r , f o l l o w e d by spray d r y i n g t o o b t a i n 
the d e s i r e d p a r t i c l e s i z e range. Due t o t h i s method o f manufacture, 
the i n d i v i d u a l p a r t i c l e s are i n t e r n a l l y heterogeneous. Imaging SIMS 
all o w s the r a p i d i d e n t i f i c a t i o n o f the i n d i v i d u a l phases, an 
extremely d i f f i c u l t t a s k by e l e c t r o n microscopy. F i g u r e 1 shows the 
p o s i t i v e ion images o f A l , S i , La, V and Ni taken from an 
e q u i l i b r i u m c a t a l y s t p a r t i c l e withdrawn from a petroleum r e f i n e r y 
FCC u n i t . T h i s p a r t i c l e i s t y p i c a l o f a simple z e o l i t e / k a o l i n e / 
b i n d e r type o f FCC c a t a l y s t t h a t i s normally used t o c r a c k vacuum 
gas o i l f e e d s . T h i s c a t a l y s t grade c o n t a i n s about 20% r a r e e a r t h 
exchanged Y - z e o l i t e , w h i l e t h i s s p e c i f i c e q u i l i b r i u m sample has 
average metal contaminant c o n c e n t r a t i o n s o f 1500 ppm Ni and 3300 ppm 
V. The c r o s s - s e c t i o n e d p a r t i c l e ' s diameter i s approximately 150 
microns from top-to-bottom. The image shows two d i f f e r e n t 
c o n c e n t r a t i o n l e v e l s , with the b r i g h t e r areas a r i s i n g from clumps o f 
k a o l i n which has a high e r A l / S i r a t i o than does the r a r e e a r t h 
exchanged Y - z e o l i t e , which show as the d a r k e r a r e a s . The b l a c k 
areas w i t h i n the p a r t i c l e have no aluminum ion c o n c e n t r a t i o n and are 
p r o b a b l y holes w i t h i n the c a t a l y s t t h a t were f i l l e d with epoxy 
d u r i n g mounting. 

The S i ion image shows the f u l l s i z e o f the p a r t i c l e as d i d the 
image, but the b r i g h t n e s s w i t h i n the sample i s r e v e r s e d , now 
d i s c l o s i n g g r e a t e r S i / A l r a t i o s as b r i g h t e r areas. The edge o f the 
p a r t i c l e i s a l s o h i g h l i g h t e d s i n c e the s i l i c a s o l b i n d e r t h a t 
cements the p a r t i c u l a t e s t o g e t h e r c o n c e n t r a t e s at the edge o f the 
p a r t i c l e t o make a hard e x t e r n a l s u r f a c e . The La image c l e a r l y 
i d e n t i f i e s the l o c a t i o n s o f the r a r e e a r t h exchanged z e o l i t e phases, 
which are the high a c t i v i t y component o f FCC c a t a l y s t s . The 
z e o l i t e s are a c t u a l l y submicron c r y s t a l l i t e s t h a t are p r e s e n t as 
aggregates i n the 5 micron s i z e range. The V d i s t r i b u t i o n shown 
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32. LETA & KUGLER Characterization of Catalysts by Imaging SIMS 357 

Figure 1. Cross section of typical gas oil conversion catalyst; (a) aluminum, (b) silicon, (c) 
lanthanum. Continued on next page. 
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358 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 1. Continued, (d) Vanadium, (e) nickel. 
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32. LETA & KUGLER Characterization of Catalysts by Imaging SIMS 359 

a r i s e s from vanadium i m p u r i t i e s i n the f e e d s t o c k being cracked i n 
the FCC u n i t . I t may be seen by comparing the V ion image with the 
La image t h a t i n t h i s type o f c a t a l y s t vanadium has accumulated 
p r e f e r e n t i a l l y on the z e o l i t e phase where i t poisons the c a t a l y s t by 
d e s t r o y i n g the z e o l i t e ' s c r y s t a l s t r u c t u r e d ) . The Ni image shows 
t h a t the n i c k e l i m p u r i t y i n the f e e d s t o c k has d e p o s i t e d o n l y at the 
e x t e r n a l s u r f a c e o f the p a r t i c l e . N i c k e l c o n c e n t r a t e d at the 
p a r t i c l e edge i n c o n t r a d i s t i n c t i o n t o vanadium being spread 
throughout the sample. T h i s o b s e r v a t i o n agrees with p r i o r r e p o r t s 
t h a t vanadium has high m o b i l i t y i n FCC o p e r a t i o n s ( 4 - 8 ) . 

C r a c k i n g c a t a l y s t s c o n t a i n i n g o n l y z e o l i t e , c l a y and b i n d e r are 
commonly used f o r vacuum gas o i l c o n v e r s i o n , but are a t y p i c a l o f 
c a t a l y s t s used t o convert h e a v i e r f e e d s . Resid c r a c k i n g c a t a l y s t s 
u s u a l l y have some high s u r f a c e area, l a r g e pore s i z e component f o r 
l a r g e molecule c r a c k i n g . The e q u i l i b r i u m c a t a l y s t p a r t i c l e shown i n 
F i g u r e 2 c o n t a i n s a pure alumina phase t o pr o v i d e bottoms 
c o n v e r s i o n . The Al d i s t r i b u t i o n may now be seen t o c o n t a i n t h r e e 
"grey l e v e l s " with the b r i g h t e s t being the alumina phases. K a o l i n 
and z e o l i t e are d a r k e r due t o t h e i r lower aluminum c o n c e n t r a t i o n s . 
The S i d i s t r i b u t i o n again shows j u s t the o p p o s i t e o r d e r i n g i n 
b r i g h t n e s s . The alumina p a r t i c l e s appear as d a r k e r areas w i t h i n the 
Si image o f the c a t a l y s t p a r t i c l e , with k a o l i n and z e o l i t e being 
i n c r e a s i n g l y b r i g h t e r . T h i s p a r t i c l e l i k e the one i n the p r e v i o u s 
example i s made with a s i l i c a s o l b i n d e r , so t h a t the e x t e r i o r 
s u r f a c e has the g r e a t e s t s i l i c o n i on d e n s i t y . Again, the La 
d i s t r i b u t i o n r e v e a l s the l o c a t i o n o f the z e o l i t e aggregates but i n 
t h i s example, the vanadium and lanthanum images do not o v e r l a y . The 
vanadium i m p u r i t i e s on t h i s c a t a l y s t p a r t i c l e are c o n c e n t r a t e d on 
the alumina phase r a t h e r than on the z e o l i t e . Comparing the alumina 
and vanadium d i s t r i b u t i o n s shows n e a r l y a one-to-one correspondence 
between the b r i g h t areas i n the two p i c t u r e s . 

The n i c k e l c o n c e n t r a t i o n on t h i s p a r t i c l e i s extremely low with 
t r a c e s o f the n i c k e l i m p u r i t y at the e x t e r n a l s u r f a c e . T h i s low 
n i c k e l c o n c e n t r a t i o n means t h a t the p a r t i c l e i n F i g u r e 2 was i n the 
r e f i n e r y u n i t o n l y a sho r t time, otherwise more n i c k e l would be 
presen t f o r the average p a r t i c l e (by bulk chemical a n a l y s i s ) 
c o n t a i n s 900ppm Ni and 4700 ppm V. The p a r t i c l e i n t h i s image 
c o n t a i n s a d i s p r o p o r t i o n a t e amount o f vanadium r e l a t i v e t o n i c k e l . 
I f the n i c k e l on the e x t e r n a l s k i n o f the c a t a l y s t accumulates by 
ni c k e l p o r p h y r i n c r a c k i n g at the f i r s t s u r f a c e c o n t a c t e d , then 
vanadium must a r r i v e not o n l y by c r a c k i n g vanadyl p o r p h y r i n s but 
a l s o by some ot h e r means l i k e t r a n s f e r from o l d e r c a t a l y s t p a r t i c l e s 
i n the FCC u n i t . The high vanadium c o n c e n t r a t i o n r e l a t i v e t o n i c k e l 
on new c a t a l y s t p a r t i c l e s p r o v i d e s evidence t h a t vanadium has 
i n t e r p a r t i c l e m o b i l i t y as well as i n t r a p a r t i c l e m o b i l i t y . 

A second c r a c k i n g c a t a l y s t manufacturing method i n v o l v e s spray 
d r y i n g k a o l i n p a r t i c l e s with a s i l i c a b i n d e r , c a l c i n i n g at high 
temperature t o produce very hard p a r t i c l e s composed o f meta-kaolin 
and m u l l i t e , f o l l o w e d by chemical treatment t o s y n t h e s i z e z e o l i t e s 
from meta-kaolin w i t h i n the preformed spheres. F i g u r e 3 shows 
images from two c a t a l y s t p a r t i c l e s prepared by t h i s method. Both 
the Al and Si images have o n l y small v a r i a t i o n s i n b r i g h t n e s s w i t h i n 
these p a r t i c l e s . T h i s suggests t h a t i n d i v i d u a l c r y s t a l l i t e s i n the 
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360 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 2. Cross section of bottoms conversion F C C catalyst; (a) aluminum, (b) silicon, (c) 
lanthanum. Continued on next page. 
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LETA & KUGLER Characterization of Catalysts by Imaging SIMS 

Figure 2. Continued, (d) Vanadium, (e) nickel. 
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362 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3. Cross sections of old and new catalyst particles; (a) aluminum, (b) silicon, (c) 
lanthanum. Continued on next page. 
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32. LETA & KUGLER Characterization of Catalysts by Imaging SIMS 363 

Figure 3. Continued, (d) Vanadium, (e) nickel. 
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364 CHARACTERIZATION AND CATALYST DEVELOPMENT 

composites are w e l l d i s p e r s e d and i n a s i z e range comparable to the 
instrument r e s o l u t i o n o f 0.5 microns. As i n the p r i o r two examples, 
the S i image i s b r i g h t e s t at the e x t e r n a l s k i n o f the c a t a l y s t . The 
La d i s t r i b u t i o n s r e v e a l the f i r s t major v a r i a t i o n s i n p a r t i c l e 
t e x t u r e . The p a r t i c l e on the l e f t c o n t a i n s much l e s s r a r e e a r t h 
than the one on the r i g h t . F u l l mass s p e c t r a l a n a l y s e s o f these two 
p a r t i c l e s and many ot h e r s from f r e s h c a t a l y s t samples r e v e a l e d t h a t 
t h i s p a r t i c u l a r commercial c a t a l y s t c o n t a i n e d a blend o f thr e e 
d i f f e r e n t p a r t i c l e t y p e s . The two p a r t i c l e s i n the image were 
manufactured i n d i f f e r e n t batches and c o n t a i n d i f f e r e n t z e o l i t e 
c o n c e n t r a t i o n s . The l e f t p a r t i c l e i s from a batch estimated t o 
co n t a i n about 20% z e o l i t e w h i l e the one on the r i g h t i s from another 
batch estimated t o have about 40% z e o l i t e . 

The V and Ni images show t h a t the l e f t p a r t i c l e has been i n the 
u n i t f o r a long time w h i l e the r i g h t p a r t i c l e i s v e ry new. In the 
o l d e r p a r t i c l e , the vanadium d i s t r i b u t i o n i s n e a r l y homogeneous 
wh i l e the new p a r t i c l e shows vanadium d i f f u s i n g from the e x t e r n a l 
s u r f a c e . T h i s o b s e r v a t i o n shows t h a t vanadyl as well as n i c k e l 
p o r p h y r i n s must c r a c k on the e x t e r n a l c a t a l y s t s k i n . Vanadium 
m i g r a t i o n then occurs a f t e r the metal d e p o s i t i s on the c a t a l y s t 
s u r f a c e . The Ni d i s t r i b u t i o n confirms the age o f the p a i r , but a l s o 
r e v e a l s t h a t edge enhancement p e r s i s t s on very o l d p a r t i c l e s . T h i s 
c o n firms t h a t the d e p o s i t e d n i c k e l has very l i t t l e or no m o b i l i t y i n 
the FCC u n i t . 

We hope to have i n d i c a t e d i n t h i s b r i e f r e p o r t the e x c e l l e n t 
match p o s s i b l e between the c a p a b i l i t i e s o f c u r r e n t imaging SIMS 
technology and some o f the c h a r a c t e r i z a t i o n needs o f the c a t a l y s i s 
community. In cases where h e t e r o g e n e i t y , p o i s o n i n g , and d i f f u s i o n 
l i m i t a t i o n s are p r e s e n t , imaging SIMS o f f e r s a way to g a i n a novel 
view o f c a t a l y s t composition, performance, and r e a c t i o n pathways. 
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Chapter 33 

Microstructural Study of an Iron Silicate 
Catalyst by Electron Microscopy 

Roseann Csencsits1,3 and Ronald Gronsky 2 

1Center for Advanced Materials, Materials and Chemical Sciences Division, 
Lawrence Berkeley Laboratory, and Materials Science and Mineral 

Engineering Department, University of California, Berkeley, C A 94720 
2National Center for Electron Microscopy, Materials and Chemical Sciences 
Division, Lawrence Berkeley Laboratory, and Materials Science and Mineral 

Engineering Department, University of California, Berkeley, C A 94720 

The effects of various synthesis conditions on the structure of iron sili
cate analogs of zeolite ZSM-5 were considered. Scanning electron 
microscopy (SEM) was used to determine the particle size distribu
tions and morphologies. Particle sizes vary from tenths of a micron to 
several microns, depending on degree of agitation during crystal 
growth, while morphology is additionally dependent on the concentra
tion of iron in the gel during crystallization. Transmission electron 
microscopy (TEM) was used to determine the size and spatial distri
butions of iron-rich (as compared to the FeZSM-5 matrix) second 
phase particles within the ZSM-5 framework as a function of 
SiO2/Fe2O3-ratio, thermal and hydrothermal treatments. 

Iron silicate analogs of the zeolite ZSM-5 may be directly synthesized from iron sili
cate gels in a manner which differs slightly from the alumino-silicate ZSM-5 (1). The 
resultant white, crystalline iron silicate is referred to as FeZSM-5 in the as-
synthesized form. Thermal treatment removes the organic crystal-directing agent 
and moves some of the framework iron into non-framework sites producing the cal
cined form of the molecular sieve FeZSM-5 (2-4). Subsequent hydrothermal treat
ment removes more of the iron from the molecular sieve framework (2-4). This 
iron-rich second phase and the ZSM-5 pore structure can be used to convert synthesis 
gas ( CO and H 2 ) to "gasoline range" hydrocarbons and water (Fischer-Tropsch syn
thesis). T o optimize the Fischer-Tropsch catalyst, homogeneity is desired in the par
ticle size distribution and in the distribution of catalytic iron throughout the parti
cles. 

Electron microscopy, with its high spatial resolution, plays an important role 
in the physical characterization of these catalysts. Scanning electron microscopy 
(SEM) is used to characterize the molecular sieve particle sizes and morphologies as a 
function of preparation conditions. Transmission electron microscopy ( T E M ) is used 
to follow the changes in the microstructure of the iron silicates caused by different 
growth conditions and subsequent thermal and hydrothermal treatments. 

3Current address: Digital Equipment Corporation, 30 Forbes Road, NR05, Northboro, 
M A 01532 

This chapter not subject to U.S. copyright 
Published 1989 American Chemical Society 
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366 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Scanning Electron Microscopy 

The particle sizes and morphologies as a function of various preparatory conditions, 
thermal and hydrothermal treatments were studied using S E M . Samples of FeZSM-5 
in the as-synthesized form showed marked differences in particle size as well as mor
phology depending on whether or not the gel was stirred during crystallization. 
When the gel was stirred the particles were generally less than lfim diameter and 
appeared to be spherical and "cauliflower-shaped" aggregates of smaller crystallites 
(5). Particles grown from unstirred gels varied in size as well as morphology, shown 
in Figure la . Most particles appeared to be 2-5//m diameter aggregates of smaller 
elementary crystallites; however, some single, twinned and inter-grown crystals were 
observed. 

Decreasing the iron concentration in the gel from S i O , 2 / F e 2 0 3 ~ 50 to 
S i 0 2 / F e 2 0 3 ~ 200 resulted in more spherical particle aggregates in the stirred sam
ples and larger particle aggregates in the unstirred samples; in the unstirred batch 
some of the spherical particles were greater than 5 fim in diameter. Thermal and 
hydrothermal treatments did not change the size nor the morphology of the FeZSM-5 
particles. 

The effects of alkali cations (Li, Na and K) on the size and morphology of 
FeZSM-5 were also investigated. Crystals of FeZSM-5 were grown in the presence of 
L i , Na and K nitrate salts in a manner analogous to that described for growth of 
large crystals of the aluminosilicate ZSM-5 (6). Figure 1 shows FeZSM-5 particles 
grown from unstirred gels with S i0 2 /Fe 2 0 3 - ra t io ~ 50 and (a) without alkali cations, 
(b) with L i cations, (c) with Na cations and (d) with K cations. As in the case of the 
aluminosilicate ZSM-5, addition of alkali cations results in larger particles. In the 
iron silicates a few percent of the particles are large (>3 fim long) single crystals but 
most of the particles are agglomerates of smaller single or intergrown crystals. 
These agglomerates increase in size as the size of the added cation increases from L i 
to Na but remains constant with K . 

Transmission Electron Microscopy 

Procedures Both the bright field imaging and the high resolution imaging were per
formed in a J E O L 200CX microscope equipped with a high resolution objective lens, 
operating at its maximum accelerating voltage 200 kV. At the expense of image con
trast, maximum accelerating voltage was used to minimize the electron beam 
induced damage of the zeolite structure by minimization of its ionization cross-
section (7-11). Microdiffraction was performed on an analytical version of the J E O L 
200CX operated at 200 kV in micro-microdiffraction mode using a 20 nm probe. T o 
prevent specimen contamination under the intense probe (12), the specimen was 
cooled to liquid nitrogen temperature in a G A T A N cold stage. 

As-synthesized, calcined and steam-treated samples of FeZSM-5 grown from 
stirred and unstirred gels with S i0 2 /Fe 2 0 3 -rat ios ~ 50, 90 and 200 were studied. 
The specimens consisted of uniformly thin (50-80 nm) sections of the iron silicate 
particles embedded in an acrylic resin and were prepared by ultramicrotomy, 
described in detail elsewhere (13, 14). 

Results and discussion The cuboidal or spherical FeZSM-5 particles are actually 
aggregates of smaller FeZSM-5 crystallites. These crystallites have a bimodal size dis
tribution, many are 50-100 nm in diameter and others are 100-200 nm wide and up 
to 500 nm long. When FeZSM-5 is grown from unstirred gels, the particles form 
with the small crystals in the center surrounded by the larger crystals; in the case of 
stirred gels the crystallites are randomly arranged in the particle agglomerates 
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33. CSENCSITS & GRONSKY Microstructural Study ofIron Silicate Catalyst 367 

Figure 1--SEM image of iron silicate molecular sieve in the as-synthesized form, 
grown from an unstirred gel with S i0 2 /Fe 2 0 3 - ra t io ~ 50, a-grown without alkali 
cations; b-grown with added L i ; c-grown with Na cations; and d-grown with K 
cations. 
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368 CHARACTERIZATION AND CATALYST DEVELOPMENT 

without organization by shape or size. In and amongst these FeZSM-5 particles, no 
second phase material is detectable in either S E M or T E M images of the as-
synthesized forms grown from stirred or unstirred gels. 

Second phase particles (< 2.5 nm) are detected after thermal treatment of sam
ples with S i 0 2 / F e 2 0 3 - r a t i o ~ 50 and in all FeZSM-5 samples after steam treatment 
at 550 °C for 2 hours. In the calcined FeZSM-5 grown from stirred gel with high iron 
content, iron-rich second phase particles (15, 16) are observed along the outer edges 
of the particles; in corresponding samples grown from unstirred gels the second phase 
particles are found on edges of the crystallites in the middle of the FeZSM-5 particles 
and seldom near the FeZSM-5 particle outer edges. 

Hydrothermal treatment of all samples grown from stirred gels produced 
homogeneous distributions of iron-rich second phase particles generally ranging in 
size from 1.5 to 5 nm for steaming times of 1, 2 or 4 h at 550 °C. When the stirred 
FeZSM-5 samples are steamed at 700 °C for 4 h, the second phase particles range in 
size from 2.5 to 15 nm. Particles 10 nm or larger are often found on the surfaces of 
the individual FeZSM-5 crystallites within the FeZSM-5 particle; whereas, the 
smaller second phase particles are homogeneously dispersed throughout the FeZSM-5. 
The number of iron-rich second phase particles increases with the iron content of the 
FeZSM-5 while their size increases with the duration and temperature of the steam 
treatment. 

Prolonged steam treatment, 12 h at 550 °C, of the FeZSM-5 also results in 
large second phase particles along grain boundaries and on the surfaces of the 
FeZSM-5 crystallites (Figure 2). Most probably during the long steam treatment, the 
larger particles on or near the FeZSM-5 internal and external surfaces grow at the 
expense of the smaller homogeneously distributed second phase particles since few 
small particles are visible after the 12 h treatment. 

Molecular sieve particles grown from unstirred gels contain (6-15 nm) voids, 
some are sharply faceted; typically most of these voids are located in the small, 
iron-rich crystallites near the center of the FeZSM-5 particle (Figure 3) (15, 16). 
Many of the facets of these voids are rounded during steam treatment, the voids also 
provide sites for the nucleation and growth of second phase particles. Hydrothermal 
treatments for 1, 2 or 4 h at 550 °C of the unstirred samples produces second phase 
particles, 2 to 6 nm diameter, whereas steaming at 700 °C for 4 h results in particles 
2.5 to 16 nm in size (Figure 4). The distribution of second phase particles in Figure 4 
illustrates the effects of inhomogeneous iron distribution prior to steaming (15, 16). 
The iron-rich center of the FeZSM-5 particle contains a relatively uniform distribu
tion of second phase particles (2.5 - 8 nm) but the second phase is sparsely distri
buted as larger (7 - 13 nm) particles throughout the larger silicon-rich FeZSM-5 crys-
tallies at the particle edge. 

Hydrothermal treatment of unstirred samples consistently resulted in larger 
second phase particles than did the same treatment of stirred samples. This is prob
ably due to a combination of two contributing factors: a less homogeneous iron dis
tribution in the as-synthesized form of the unstirred samples and enhanced diffusion 
during steam treatments. The latter is probably due to the voids decreasing the 
impedence to the movement of iron species. 

Microdiffraction and H R E M imaging The iron-rich second phase particles larger than 
7.5 nm are crystalline but electron diffraction is very weak and diffuse due to their 
small size. Conventional selected area diffraction yields only the ZSM-5 framework 
structure spots. Microdiffraction, obtained by focusing a 20 nm electron probe onto 
the area from which diffraction is desired, applied to the second phase particles yields 
identifiable electron diffraction patterns (Figures 5 and 6). The patterns in Figure 5 
are from well separated, larger particles in the FeZSM-5 sample, steamed for 4 h at 
700 °C, grown from a stirred gel with S i 0 2 / F e 2 0 3 - r a t i o ~ 200. In addition to these 
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33. CSENCSITS & GRONSKY Microstructural Study of Iron Silicate Catalyst 369 

Figure 2 - - T E M image of FeZSM-5 particle aggregate grown from stirred gel with 
S i 0 2 / F e 2 0 3 - r a t i o ~ 50, after steam treatment for 12h at 550 °C. 
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370 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3~FeZSM-5 particle aggregate in as-synthesized form grown from an 
unstirred gel with Si02/Fe203-ratio ~ 200. The center of the FeZSM-5 particle 
(lower left area of the picture) consists of the small "holey" crystallites of 
FeZSM-5 and the outer edges are characterized by the larger FeZSM-5 crystals 
(upper right quadrant of the photograph). 
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33. CSENCSITS & GRONSKY Microstructural Study of Iron Silicate Catalyst 371 

Figure 4 — T E M image of part of a FeZSM-5 particle aggregate grown from an 
unstirred gel with S i 0 o / F e 2 0 3 - r a t i o ~ 200, after steam treatment for 4h at 
700 °C. From the upper left corner to the lower right corner represents the 
center to the outer edge of the agglomerate. 
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Figure 5--Microdiffraction patterns from three second phase particles, with most 
probable indexing, from some second phase particles in the steam treated (700 °C 
for 4h) FeZSM-5 particles grown from a stirred gel with S i 0 2 / F e 2 0 3 - r a t i o ~ 200. 
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33. CSENCSITS & GRONSKY Microstructural Study of Iron Silicate Catalyst 373 

Figure 6~Indexed microdiffraction patterns from some of the iron-rich second 
phase particles in steam treated (700 °C for 4h) FeZSM-5 grown from a stirred 
gel with S i 0 2 / F e 2 0 3 - r a t i o ~ 50. 
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374 CHARACTERIZATION AND CATALYST DEVELOPMENT 

diffraction patterns, the sample grown from a stirred gel with S i 0 2 / F e 2 0 3 - r a t i o ~ 50 
after the same steam treatment also contains particles which produce the diffraction 
patterns in Figure 6. Microdiffraction on the small (< 5 nm) iron-rich second phase 
particles shows only diffuse scattering, no Bragg spots, indicating that the small par
ticles are amorphous. After prolonged hydrothermal treatment, however, the second 
phase particles (shown in Figure 2) show some weak diffraction spots but not any 
strong two dimensional patterns. 

Since the steam treatments are performed on the ammonium form of the iron 
silicate, only iron oxides, hydroxides and iron silicate structures are considered as 
possible identities for the_second phase particles. The pattern shown in Figure 5a 
may be indexed as the [l 11 1] zone of F e 3 S i O 1 0 if the weak spots between the 
transmitted beam and the 10 1 1 spot are ignorecL A more consistent indexing of 
this pattern is achieved using F e S i 0 3 in the [1 2 8] zone; in this choice the weak 
spots consistently index as 2 1 0 reflections. Figure 5b can be indexed only as F e S i 0 3 

in the [0 1 2] direction which increases the confidence that the diffraction pattern in 
Figure 5a is correctly identified as [l 2 8] FeS i0 3 . For the pattern in Figure 5c only 
one solution seems possible, the [1 1 l] zone of wustite (FeO). 

After prolonged electron beam exposure, the molecular sieve structure is dam
aged and becomes amorphous, facilitating high resolution electron microscopy 
(HREM) images of the second phase particles. In Figure 7 two sets of lattice planes of 
the second phase particle with spacing 0.27 nm intersect with a_74 0 angle between 
them. This is the H R E M image that would be expected for the [0 1 2] zone of FeSi0 3 , 
adding confidence to the assignment of the F e S i 0 3 indexing to the diffraction pattern 
in Figure 5b. 

The electron diffraction pattern in Figure 6a may be indexed as the [1 1 1] zone 
of face centered cubic F e 2 S i 0 4 , F e 3 0 4 (magnetite), 7 - F e 2 0 3 (maghemite) or as 
Fe(OH) 3 . These four structures can not be differentiated solely by electron diffraction 
since all four have very similar lattice parameters; aQ = .8235 nm (Fe 2 Si0 4 ) , aQ = 
.8396 nm (Fe 3 0 4 ) , aQ = .8350 (7 -Fe 2 0 3 ) and aQ = .837 nm (Fe(OH) 3). Figure 6b 
shows a [0 0 1] zone diffraction pattern that also can be identified as resulting from a 
face centered cubic material, either the iron silicate, the iron oxides or the iron 
hydroxide. 

Although electron diffraction cannot distinguish between the oxide, hydroxide 
or silicate structures, other information can be used to eliminate some of the choices. 
It is well documented that hydroxide compounds and hydrated compounds change 
structure under the electron beam (17-20); typically they dehydrate to the oxide. On 
this basis, the Fe(OH) 3 can not be responsible for the diffraction patterns in Figure 6; 
microdiffraction requires a large electron flux to the specimen which would result in 
change of the iron hydroxide structure probably to an iron oxide (or amorphous) 
phase. By the same rational if maghemite is responsible for the diffraction patterns, 
then lepidocrocite, FeO(OH), may have been formed during the hydrothermal treat
ment and probably transformed to F e 2 0 3 by dehydration under the intense electron 
beam. 

Thermodynamic phase equilibria considerations allow for the formation of 
either of the iron oxides or the iron silicate (21, 22); however, 7 - F e 2 0 3 is metastable 
with respect to a - F e 2 0 3 and will rapidly transform at 400 °C from light brown 
maghemite to dark red a - F e 2 0 3 , hematite (23). Therefore 7 - F e 2 0 3 would not be 
expected in the FeZSM-5 sample producing the diffraction patterns in Figure 6 since 
this sample had been steamed at 700 °C. Subsequent heat treatment in air at 450 °C 
confirms that maghemite is not present in this sample in sufficient quantity to cause 
a color change of the sample with its transformation to hematite. This argument 
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33. CSENCSITS & GRONSKY Microstructural Study of Iron Silicate Catalyst 375 

Figure 7--Second phase particles (lattice fringes) in molecular sieve matrix, 
FeZSM-5, after 4h steam treatment at 700 °C, S i 0 2 / F e 2 0 3 - r a t i o ~ 90. Molecu
lar sieve structure is amorphous due to electron beam damage. 
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376 CHARACTERIZATION AND CATALYST DEVELOPMENT 

alone is not sufficient to eliminate maghemite as the phase giving the diffraction pat
terns since the color of a phase containing iron depends on its particle size and its 
dispersion in addition to its concentration (23). 

Since microdiffraction is specific and representative only of the individual parti
cles probed, the statistics of the analysis are important. The microdiffraction pat
terns shown are representative only of the larger second phase particles, since the 
smaller ones produced diffraction patterns characteristic of amorphous material. In 
the 4 h 700 °C steamed FeZSM-5 sample grown from a stirred gel with S i 0 2 / F e 2 0 3 -
ratio ~ 200, 41% of the large second phase particles probed by microdiffraction gave 
the pattern in Figure 5a, 32% gave that in Figure 5b and 5% gave the wustite pat
tern in Figure 5c. In the similarly steamed sample grown from a stirred gel with four 
times as much iron, 21% of the second phase particles gave the diffraction pattern in 
Figure 5a, 14% yielded that in Figure 5b, 7% gave Figure 5c, 14% gave Figure 6a 
and 21% gave Figure 6b. Other particles in both samples produced incomplete or 
overlapping diffraction patterns that could not be identified. In all, 78% of the pat
terns recorded by microdiffraction were identified, in reality these particles probably 
are characteristic of about 30% of the second phase particles, since most of the parti
cles are smaller and amorphous; hence the identity of these smaller particles is 
unclear. 

Both high resolution imaging and microdiffraction indicate that some of the 
second phase particles contain iron is in the 2+ oxidation state, e.g., F e S i 0 3 and FeO 
(and possibly F e 2 S i 0 4 and F e 3 0 4 ) . This contradicts the Mossbauer data on these 
materials (4), which indicates the presence of iron in the 34- oxidation state mostly 
(~85%) in octahedral coordination and a small amount (~15%) in tetrahedral 
environment. Since the smaller particles are a different structure and are generally 
more numerous, it is probable that the Mossbauer data is only sensitive to the larger 
volume fraction of the material in the smaller particles, as Mossbauer is a bulk tech
nique. Thus the identification of some of the large second phase particles as struc
tures containing iron in its 2+ oxidation state is valid although it is not corroborated 
by the Mossbauer results. 

Although it would be valuable to positively identify the second phase particles 
formed by hydrothermal treatment so that a mechanism for their formation and 
growth could be understood, it is not essential to its use as a catalyst. Fischer-
Tropsch reactions occur in a reducing atmosphere and the actual iron catalyst is 
probably a reduced iron compound that could only exist under the reaction condi
tions. 

Conclusions 

Scanning electron microscopy has shown that stirring the gel during crystal growth 
results in small (0.5 fim - 1 /xm) molecular sieve particle aggregates. Crystal growth 
without agitation produces some single crystals in addition to the micron or larger 
sized particle aggregates. The addition of alkali cations during unstirred crystal 
growth leads to larger particle agglomerates and generally more single crystals of 
FeZSM-5. In the stirred batches, the particle morphology changes from regular 
spheres to irregular spheres and "cauliflower-shapes" as the iron content increases; 
this is analogous to the effect of increasing the aluminum content in ZSM-5 zeolites. 

Transmission electron microscopy imaging of a thin section of FeZSM-5 parti
cles reveals that they are aggregates of smaller FeZSM-5 crystallites. Unstirred gels 
produce aggregates with small crystals in the center surrounded by larger crystals, 
while the agglomerates from stirred gels are formed without size or shape discrimina
tion. 

Thermal and hydrothermal treatments lead to the formation and growth of 
iron-rich second phase particles in the FeZSM-5 particles. Second phase particles 
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range in size from 1.5 nm to 6 nm for 1, 2 or 4 h 550 °C steam treatments and 5 nm 
to 16 nm for 4 h 700 °C treatments. These particles are homogeneously dispersed 
throughout the FeZSM-5 particles grown form stirred gels. Overall in the FeZSM-5 
particle agglomerates grown from unstirred gels, the second phase particles are larger 
than in the stirred samples with the smaller second phase particles relatively uni
formly distributed at the agglomerate center and the larger ones are predominately 
located between FeZSM-5 crystallites nearer to the aggregate edges. 

Microdiffraction shows that the second phase particles larger then 7.5 nm are 
crystalline while smaller particles are amorphous. The identity of the particles 
differs with the temperature and duration of the steam treatments and probably on 
the amount of iron in the FeZSM-5 before steaming. Samples of FeZSM-5 steamed 
at 550 °C for 1, 2 or 4 h generally contain only amorphous second phase particles; 
after 12 hours at 550 °C some crystallinity is observed in the iron-rich second phase. 
Hydrothermal treatment at 700 °C leads to many crystalline second phase particles. 
Some of them are F e S i 0 3 and FeO; and some F e 2 S i 0 4 , F e 3 0 4 , 7 - F e 2 0 3 and 7-
FeO(OH) are probably also present. 
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Chapter 34 

Mechanical and Physical Testing of Catalysts 

Ralph J. Bertolacini 

Research and Development, Amoco Oil Company, Naperville, IL 60566 

Proper catalyst specifications for mechanical and 
physical properties are as important as activity and 
selectivity. Poor resistance to attrition and 
crushing can cause pressure drops and expensive unit 
shutdowns in refining and petrochemical operations. 
Setting reasonable specifications depends on the 
development of reliable test procedures and well
-characterized reference materials for method 
development. Statistical control processes can be 
used to eliminate variations to reduce off
-specification catalysts and contractual disputes. 
These important issues are reviewed and discussed, and 
subsequent papers in this symposium deal with the 
specific topics. 

C a t a l y t i c a c t i v i t y , s e l e c t i v i t y , and the r a t e of d e a c t i v a t i o n 
are the usu a l c r i t e r i a f o r developing, e v a l u a t i n g , and 
recommending commercial i n d u s t r i a l c a t a l y s t s . These important 
c a t a l y s t p r o p e r t i e s , most o f t e n , are p r o p r i e t a r y and determined by 
the c a t a l y s t user. However, while these c a t a l y s t p r o p e r t i e s are 
important f o r s u c c e s s f u l commercial performance, they are not the 
so l e c r i t e r i a and t h i s i s w e l l recognized by the c a t a l y s i s 
community. C a t a l y s t s t a b i l i t y ( 1 ) , a t t r i t i o n r e s i s t a n c e (2-3) . 
and c r u s h i n g s t r e n g t h (4-5) are e q u a l l y as important as a c t i v i t y . 
These mechanical p r o p e r t i e s can supersede outstanding c a t a l y t i c 
performance and o f t e n are the l i m i t i n g f a c t o r s f o r u s i n g , and 
regenerating, i n d u s t r i a l c a t a l y s t s . Mechanical and p h y s i c a l 
p r o p e r t i e s are u s u a l l y t i g h t l y s p e c i f i e d by the user. 

Poor mechanical and p h y s i c a l p r o p e r t i e s are c o s t l y problems 
f o r the r e f i n i n g and chemical i n d u s t r i e s . Broken c a t a l y s t 
p a r t i c l e s i n f i x e d bed r e a c t o r s increase pressure drop by b r i d g i n g 
i n t e r s t a c i e s between c a t a l y s t p a r t i c l e s which can pl u g the bed 
w i t h d e b r i s coming from above and i n some cases f a c i l i t a t e coke 
formation which f u r t h e r increases the pressure drop. F i x e d bed 
c a t a l y s t s are prone to breakage when they are loaded i n t o 
r e a c t o r s . Loading can be performed by pneumatically l i f t i n g the 

0097-6156/89/0411-0380S06.00/0 
c 1989 American Chemical Society 
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34. BERTOLACINI Mechanical and Physical Testing of Catalysts 381 

c a t a l y s t from ground l e v e l i n t o the r e a c t o r or dropping the 
c a t a l y s t down a sleeve so the c a t a l y s t must be rugged. High 
pressures, h i g h temperatures, and h i g h v e l o c i t y feed throughputs 
a l s o e x e r t a tremendous s t r a i n on the c a t a l y s t p a r t i c l e s . To 
overcome some of these problems, c a t a l y s t s are prepared i n 
d i f f e r e n t shapes designed to r e s i s t f r a c t u r e , s p a l l i n g , and 
d i s i n t e g r a t i o n . C a t a l y s t forms vary from p e l l e t s , r i n g s , 
extrudates, geometric shapes, to f i n e powders. Each engineered to 
f i t the process and each causing problems f o r measuring t h e i r 
mechanical p r o p e r t i e s . 

C a t a l y s t s f o r e b u l l a t i n g bed r e a c t o r s are subjected to 
a t t r i t i o n . Those used f o r r e s i d hydroprocessing and c o a l 
l i q u e f a c t i o n must r e s i s t turbulence, from h i g h gas v e l o c i t i e s as 
w e l l as e r o s i o n by the ash and i m p u r i t i e s i n the feedstocks. 
F l u i d c a t a l y t i c c r a c k i n g c a t a l y s t s must have good f l u i d i z a t i o n 
p r o p e r t i e s to e l i m i n a t e c i r c u l a t i o n problems and excess generation 
of c a t a l y s t f i n e s which cause o p e r a t i o n a l and environmental 
problems. F l u i d bed c a t a l y t i c c r a c k i n g c a t a l y s t s are a l s o 
subjected to h i g h temperature during steam s t r i p p i n g and 
regeneration, which f u r t h e r decrease t h e i r r e s i s t a n c e to 
a t t r i t i o n . 

Developing methods to prevent and e l i m i n a t e c a t a l y s t breakage 
and a t t r i t i o n are as important as developing h i g h l y a c t i v e and 
s e l e c t i v e c a t a l y s t s . Good d i a g n o s t i c t e s t s f o r a c c e l e r a t e d aging 
and p s e u d o e q u i l i b r a t i o n are used to simulate and p r e d i c t c a t a l y s t 
i n - s e r v i c e performance. 

Two important t e s t s used to measure p o t e n t i a l c a t a l y s t 
breakage problems during o p e r a t i o n are s i n g l e p e l l e t and b u l k 
c r u s h i n g strengths. S i n g l e p e l l e t t e s t s are a p p l i c a b l e to p i l l s , 
e x trudates, and spheres. These t e s t s measure the r e s i s t a n c e to a 
compressive f o r c e and are used f o r q u a l i t y c o n t r o l by the 
producer. The user u s u a l l y s p e c i f i e s a range of s t r e n g t h s , f o r 
example 3-4 pounds/millimeter of length or diameter, or a s p e c i f i c 
percentage at some minimum st r e n g t h , f o r example not more than 5% 
below 22 pounds t o t a l . This e l i m i n a t e s s o f t p e l l e t s which c o u l d 
p u l v e r i z e during l o a d i n g or r e a c t i o n and l e a d to pressure drop 
problems. 

Bulk crush measures the a b i l i t y of the c a t a l y s t to support 
the weight of the c a t a l y s t bed. This i s d i f f i c u l t to measure 
p r e c i s e l y and has not yet been standardized. This t e s t i s now 
done on a p r o p r i e t a r y b a s i s . The paper by S. A. Bradley, 
et al.((5) addresses a procedure now under c o n s i d e r a t i o n f o r 
s t a n d a r d i z a t i o n which, i f adopted, should be v a l u a b l e to c a t a l y s t 
users and producers f o r s p e c i f i c a t i o n and q u a l i t y c o n t r o l . 

S i m i l a r to the importance of mechanical s t a b i l i t y , p h y s i c a l 
p r o p e r t i e s such as surface area, pore s i z e , and pore s i z e 
d i s t r i b u t i o n , metal d i s p e r s i o n , and surface a c i d i t y are important 
parameters, which the c a t a l y t i c chemist or engineer considers when 
developing a c a t a l y t i c system. The p h y s i c a l p r o p e r t i e s are 
optimized to f i t the c a t a l y t i c a p p l i c a t i o n . Measurement of these 
p r o p e r t i e s , w h i l e not a l l are f u l l y standardized, have been w i d e l y 
p u b l i s h e d f o r s p e c i f i c c a t a l y t i c systems. The most complete 
review of these procedures w i t h examples f o r s p e c i f i c c a t a l y t i c 
systems and references have been p u b l i s h e d (7-8) . 
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382 CHARACTERIZATION AND CATALYST DEVELOPMENT 

T r a d i t i o n a l l y , f o r p r o p r i e t a r y reasons, i n d u s t r i a l c a t a l y t i c 
researchers have not discussed or d i s c l o s e d in-house methods f o r 
s e t t i n g the mechanical and p h y s i c a l property s p e c i f i c a t i o n s of 
i n d u s t r i a l c a t a l y s t s . However i n 1974, the American I n s t i t u t e of 
Chemical Engineering at the June meeting i n P i t t s b u r g h , devoted a 
day-long symposium on measuring the mechanical and p h y s i c a l 
p r o p e r t i e s of c a t a l y s t s ( 9 ) . Beaver described a mechanically-
d r i v e n p i s t o n apparatus which gave more r e p r o d u c i b l e r e s u l t s than 
p r e v i o u s l y d e s c r i b e d hand-operated devices f o r shaped 
c a t a l y s t s (10). Dart described a procedure f o r measuring c a t a l y s t 
a t t r i t i o n r e s i s t a n c e , i . e . , abrasion l o s s f o r formed and shaped 
c a t a l y s t s (11). Proper sampling procedures f o r developing 
standardized t e s t s were addressed by Adams, et a l . (12). They 
p o i n t out th a t proper sampling i s an important f a c t o r i n c a t a l y s t 
t e s t i n g which i s not o f t e n discussed when s e t t i n g c a t a l y s t 
s p e c i f i c a t i o n s . Often disputes between the vendor and purchaser 
are caused by poor sampling methods. 

As a r e s u l t of the 1974 American I n s t i t u t e of Chemical 
Engineering, the American S o c i e t y f o r T e s t i n g M a t e r i a l s organized 
Committee D-32--Catalysts i n January 1975. The e a r l y h i s t o r y and 
development of the Committee was reported by Kiovsky (13), 
Neal (14), and B e r t o l a c i n i (15). S i m i l a r s t a n d a r d i z a t i o n groups 
have s i n c e been formed i n Japan, United Kingdom, Europe, and the 
Sov i e t Union. Twenty-five standards have been developed by the 
American S o c i e t y f o r T e s t i n g M a t e r i a l s Committee D-32--Catalysts 
i n c l u d i n g t e s t s f o r a t t r i t i o n , crush s t r e n g t h , p a r t i c l e s i z e 
d i s t r i b u t i o n , and v i b r a t e d apparent packing d e n s i t y (16). 

S t a n d a r d i z a t i o n of c a t a l y s t t e s t methods w i l l help e l i m i n a t e 
c o s t l y and unnecessary repeated t e s t i n g because the analyses are 
done by the same method w i t h measured p r e c i s i o n and b i a s . This 
should help e l i m i n a t e c o n f l i c t s i n ma i n t a i n i n g q u a l i t y c o n t r o l and 
s p e c i f i c a t i o n requirements. 

Q u a l i t y assurance i s an important c o n s i d e r a t i o n f o r the user 
and producer. Both aspects are discussed by Puis (12) i n h i s 
symposium paper. L o t - t o - l o t v a r i a t i o n s i n purchased c a t a l y s t can 
be minimized by a system of s t a t i s t i c a l process c o n t r o l by the 
c a t a l y s t producer, h i s s u p p l i e r , and the user. The s t a t i s t i c a l 
process helps to minimize product q u a l i t y v a r i a t i o n s by 
i n s t i t u t i n g c o r r e c t i v e a c t i o n on a r e a l - t i m e b a s i s to prevent the 
prod u c t i o n of o f f - s p e c i f i c a t i o n m a t e r i a l . 

The development and s t a n d a r d i z a t i o n of r e l i a b l e t e s t 
procedures r e q u i r e s an ample supply of w e l l - c h a r a c t e r i z e d 
reference m a t e r i a l s . These samples are used f o r round-robin t e s t s 
by p a r t i c i p a t i n g l a b o r a t o r i e s i n the method development. A 
r e l i a b l e set of reference m a t e r i a l s are a v a i l a b l e from the 
N a t i o n a l Bureau of Standards. These s p e c i a l reference m a t e r i a l s 
are d e s c r i b e d by Haines i n t h i s symposium s e r i e s . The Bureau has 
packaged the m a t e r i a l s i n an appropriate s i z e and secure 
c o n t a i n e r . Producer and user l a b o r a t o r i e s have these reference 
m a t e r i a l s a v a i l a b l e to cross-check r e s u l t s and r e s o l v e d i f f e r e n c e s 
i n s p e c i f i c a t i o n analyses. These reference standards are 
a v a i l a b l e at a reasonable c o s t . 

The s t a n d a r d i z a t i o n of a l l of these procedures f o r a n a l y z i n g 
c a t a l y s t s has been the goal of ASTM Committee D-32. Reference 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
03

4



34. BERTOLACINI Mechanical and Physical Testing ofCatalysts 383 

procedures have been e s t a b l i s h e d and supporting data may be 
obtained from ASTM. 

By 1992, the f r e e - w o r l d c a t a l y s t market cou l d reach four 
b i l l i o n d o l l a r s ; and the U n i t e d States p r o j e c t i o n i s estimated to 
be two b i l l i o n (18). I t i s d i f f i c u l t to estimate how much of an 
impact improved methods f o r engineering improved mechanical and 
p h y s i c a l p r o p e r t i e s w i l l have on these f i g u r e s , but we can expect 
t h a t a l l c a t a l y s t s w i l l be checked to meet the s p e c i f i c a t i o n s of 
the user and the q u a l i t y c o n t r o l program of the producer. 
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Chapter 35 

Quality Assurance for Purchased Catalysts 

F. H. Puis 

Exxon Chemical Company, Baton Rouge, LA 70821-2226 

Analytical results of measuring particle 
sizes of catalyst pellets, depths of metal 
impregnation through electron microscope 
scans, and acidic properties through ammo
nia chemisorption, are presented here to 
i l lustrate the fact that some commercial 
catalyst replacement charges exhibit quite 
undesirable quality variations which are 
causing petrochemical operating costs to be 
higher than expected. 

Statist ical process control is being 
implemented by catalyst manufacturers to 
detect and eliminate, i f possible, causes 
of variations in quality. As many depart
ments, such as operating, technical, pur
chasing, and R&D, become involved in the 
pursuit of quality, a unified approach to
ward the implementation of total quality is 
being developed through an accreditation 
procedure for catalyst suppliers. 

P e t r o c h e m i c a l i n d u s t r i e s r e q u i r e many d i f f e r e n t t y p e s 
of c a t a l y s t s and adsorbents i n p r o c e s s a p p l i c a t i o n s . 
Major p o r t i o n s of such requirements are b e i n g met 
through purchases from commercial c a t a l y s t s u p p l i e r s . 
The importance of c a t a l y s t s t o c h e m i c a l and p e t r o 
c h e m i c a l i n d u s t r i e s cannot be o v e r s t a t e d . D e v i a t i o n s i n 
c a t a l y s t performance from e x p e c t a t i o n s a f f e c t y i e l d s 
and f e e d s t o c k u t i l i z a t i o n , generate u n d e s i r a b l e s i d e 
r e a c t i o n s and b y - p r o d u c t s , i n c r e a s e o p e r a t i n g c o s t s , 
and reduce c a p a c i t y . The c o s t of such d e v i a t i o n s from 
the e x p e c t a t i o n s which were i n c o r p o r a t e d i n the p r o c e s s 
d e s i g n , are not always known and can e a s i l y exceed the 
c o s t of a new c a t a l y s t charge. 

0097-6156/89/0411-0384$06.00/0 
c 1989 American Chemical Society 
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35. PULS Quality Assurance for Purchased Catalysts 385 

When c a t a l y s t charges are r e p l a c e d , a d d i t i o n a l un
l o a d i n g , l o a d i n g , and h a n d l i n g c o s t s are i n c u r r e d and 
v a l u a b l e p r o d u c t i o n c a p a c i t y i s b e i n g l o s t . Moreover, 
e x p e c t a t i o n s f o r improved performances r e s u l t i n g from 
new c a t a l y s t replacement charges are not always b e i n g 
r e a l i z e d . T h e r e f o r e , i t i s not s u r p r i s i n g t h a t i n the 
quest f o r q u a l i t y , which has touched much of US i n d u s t r y 
i n the e i g h t i e s (1) ( 2 ) r c a t a l y s t s were among the f i r s t 
p r o d u c t s which were s i n g l e d out f o r s p e c i a l a t t e n t i o n . 

From OC t o SPC. A new q u a l i t y c o n t r o l (QC) f u n c t i o n f o r 
Exxon Chemical Company was e s t a b l i s h e d a t one of the 
Exxon l a b o r a t o r i e s i n 1980. Exxon Research and Develop
ment L a b o r a t o r i e s a t Baton Rouge, L o u i s i a n a was chosen, 
because a s i m i l a r f u n c t i o n a l r e a d y e x i s t e d f o r r e f i n e r y 
c a t a l y s t s , and because a n a l y t i c a l and p r o f e s s i o n a l capa
b i l i t i e s a t t h i s l o c a t i o n s u p e r b l y met our needs. 

In 1984, a s t a n d a r d q u a l i t y c o n t r o l procedure was 
i n t r o d u c e d f o r a l l purchased f i x e d bed c a t a l y s t s and 
a d s o r b e n t s , e.g. t o be used a t the d i s c r e t i o n of a l l 
Exxon Chemical worldwide o p e r a t i n g p l a n t s . 

F i n a l l y , t h i s y e a r , a s t a n d a r d c a t a l y s t s u p p l i e r 
a c c r e d i t a t i o n procedure i s b e i n g implemented. P r i m a r y 
emphasis i s on the implementation of c o n t r o l c h a r t s and 
s t a t i s t i c a l p r o c e s s c o n t r o l (SPC) procedures i n the 
manufacture of commercial c a t a l y s t s i n order t o improve 
l o t t o l o t c o n s i s t e n c i e s (3) f o r purchased c a t a l y s t s . 

F i x e d Bed C a t a l y s t s . Noble m e t a l , base m e t a l , and o t h e r 
types of c a t a l y s t s , i n c l u d i n g a l u m i n a , s i l i c a , r e s i n s , 
c l a y s , z e o l i t e s , and combinations t h e r e o f a re used i n 
almost e v e r y type of c h e m i c a l and p e t r o c h e m i c a l b u s i n e s s 
segment. There a re many d i f f e r e n t p r o c ess a p p l i c a t i o n s 
r a n g i n g from the g e n e r a t i o n of s u i t a b l e f e e d s t o c k s , a c 
t u a l c h e m i c a l r e a c t i o n s , and p u r i f i c a t i o n of p r o d u c t s t o 
the t reatment of by-product streams. 

P e t r o c h e m i c a l p r o c e s s e s r e q u i r e s m a l l e r r e a c t o r s 
than used i n r e f i n e r i e s . Chemical r e a c t o r s a r e s i z e d i n 
the 50 t o 250 c u . f t . range. Orders f o r replacement 
c a t a l y s t u s u a l l y range from 10,000 t o 50,000 l b s , but 
t h e r e are many d i f f e r e n t p r o c ess a p p l i c a t i o n s . C a t a l y s t 
q u a l i t y i s becoming more important than i n r e c e n t y e a r s 
as many i n d u s t r i e s attempt t o reduce the c o s t of noncon
formance and improve the q u a l i t y of manufactured goods. 
A c h e m i c a l producer has a c h o i c e of e i t h e r s e l e c t i n g an 
o f f - t h e - s h e l f c a t a l y s t a v a i l a b l e from u s u a l l y s e v e r a l 
s o u r c e s , or of d e v e l o p i n g a p r o p r i e t a r y c a t a l y s t s u i t e d 
t o h i s s p e c i f i c p rocess and o p e r a t i n g needs. 

F i x e d Bed Adsorbents. S i m i l a r q u a l i t y r e q u i r e m e n t s , as 
d i s c u s s e d f o r c a t a l y s t s , a p p l y t o m o l e c u l a r s i e v e s and 
oth e r a d s o r b e n t s . I n s t e a d of c a t a l y t i c a c t i v i t y , a d s o r p 
t i o n c a p a c i t i e s f o r c e r t a i n m a t e r i a l s , such as water, or 
l i n e a r p a r a f f i n s , are important p r o p e r t i e s of a l u m i n a s , 
c l a y s , and z e o l i t e s when used as a d s o r b e n t s . 
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386 CHARACTERIZATION AND CATALYST DEVELOPMENT 

User's Plant Problems 

At some point in time, every operating plant must make 
the decision to replace an existing catalyst charge be
cause i t has aged due to feedstock poisons, i t s history 
of high temperatures and chemical reactions, mechanical 
and chemical degradation and so on (4). Expectations are 
created with every catalyst replacement decision that 
the new charge w i l l perform better than the charge being 
replaced. 

When the new catalyst charge does not meet these 
expectations, s i g n i f i c a n t f i n a n c i a l losses are incurred. 
Technical e f f o r t s are i n i t i a t e d to investigate the 
causes of nonconformance. Feedstock properties, start-up 
procedures, plant operations, and catalyst properties 
usually are being considered. 

Changed Catalyst Properties. In several cases, changed 
plant performance could be traced to changed catalyst 
properties. The potential impact of such nonconformance 
on plant operations is shown in Table I. 

Table I. Nonconforming Catalyst Replacement Charges 

Nonconformance Impact on Operations 
Lower a c t i v i t y Reduced throughput to maintain 

same conversion 
Higher a c t i v i t y Reduced throughput due to heat 

transfer l i m i t a t i o n 
Lower crush strength Pressure drop; increased fines 

due to reduced physical i n t e g r i t y 
Higher crush strength Pressure drop; increased fines 

due to greater brittleness 
Higher abrasion loss Pressure drop; increased fines 

when handling, shipping, loading 
Smaller p a r t i c l e s Bulk density; possibly channelling 

due to unequal size d i s t r i b u t i o n 
Larger p a r t i c l e size Reduced a c t i v i t y and catalyst l i f e 
Larger c r y s t a l l i t e s Reduced a c t i v i t y and catalyst l i f e 
Reduced s e l e c t i v i t y Higher losses; shorter cycle time; 

poor feedstock u t i l i z a t i o n 
Lower sieve capacity Reduced cycle time; shorter l i f e 

of molecular sieve 

Performance variations of different lots of the 
same brand of catalyst s t i l l are causes of s i g n i f i c a n t 
plant problems in the industry. Such experiences j u s t i f y 
e f f o r t s to develop effective quality control procedures 
for purchased catalysts. Obtaining a clear understanding 
of required catalyst properties is a f i r s t step. Plant 
problems and unusual events need to be recorded. The 
history of catalyst performance in the plant is most 
valuable to have in developing catalyst specifications. 
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35. PULS Quality Assurance for Purchased Catalysts 387 

Puschass s p e c i f i c a u p n g 
G e n e r a l c a t a l y s t p r o p e r t i e s , sometimes c a l l e d t y p i c a l 
a n a l y s e s , are u s u a l l y b e i n g p r o v i d e d by vendors i n s a l e s 
l i t e r a t u r e . Nominal s i z e and shape of c a t a l y s t s , compo
s i t i o n by major components, i n t e r n a l s u r f a c e a r e a and 
pore volume, bulk d e n s i t y , and average c r u s h i n g s t r e n g t h 
a r e u s u a l l y a v a i l a b l e . The name and d e s i g n a t i o n of mer
chant c a t a l y s t s i s b e i n g h i g h l i g h t e d . The s u p p l i e r s of 
u s e r - p r o p r i e t a r y c a t a l y s t s are r e q u i r e d t o use more ex
p l i c i t s p e c i f i c a t i o n s . In e i t h e r c a s e , the c h e m i c a l and 
p e t r o c h e m i c a l user of a purchased c a t a l y s t does v e i l t o 
make sure t h a t c a t a l y s t q u a l i t y needs are understood by 
both s u p p l i e r and u s e r . 

Q u a l i t y Requirements. One can s t a t e t h r e e p r i n c i p a l 
q u a l i t y r e q u i rements as f o l l o w s : ( 1 ) the c a t a l y s t must 
have s u f f i c i e n t p h y s i c a l i n t e g r i t y t o w i t h s t a n d the 
p h y s i c a l f o r c e s which are c r e a t e d when l o a d i n g the 
c a t a l y s t i n t o r e a c t o r s and when s u b j e c t i n g the p a r t i c l e s 
t o p r o c e ss c o n d i t i o n s of v a r y i n g t e m p e r a t u r e s , p r e s 
s u r e s , vapor and l i q u i d mass v e l o c i t i e s , and t o w i t h 
s t a n d c h e m i c a l a t t a c k , ( 2 ) the c a t a l y s t must have the 
p r e s c r i b e d c h e m i c a l p r o p e r t i e s needed t o f u n c t i o n i n the 
d e s i r e d c h e m i c a l r e a c t i o n and ( 3 ) p h y s i c a l and c h e m i c a l 
p r o p e r t i e s i n the i n t e r i o r of i n d i v i d u a l p a r t i c l e s must 
pe r m i t a c c e s s of the r e a c t a n t s on a bulk m o l e c u l a r s c a l e 
and e x h i b i t s u f f i c i e n t r e a c t i v i t y t o meet the r e q u i r e 
ments s e t by the p r o c e s s d e s i g n . 

S p e c i f i c a t i o n s . Purchase s p e c i f i c a t i o n s have t o be de
f i n e d f i r s t . Then, q u a l i t y c o n t r o l of c a t a l y s t samples 
which are r e p r e s e n t a t i v e of the purchased c a t a l y s t l o t s , 
can be implemented t o compare a c t u a l c h e m i c a l and 
p h y s i c a l p r o p e r t i e s w i t h the range of v a l u e s s t a t e d i n 
the purchase s p e c i f i c a t i o n s . 

A c t i v i t y and s e l e c t i v i t y of c a t a l y s t s a r e sometimes 
i n c l u d e d i n s p e c i f i c a t i o n s and can be monitored i n s m a l l 
s c a l e s i m u l a t i o n s of commercial r e a c t o r s , such as i n p i 
l o t p l a n t s u s i n g s t a n d a r d feed s t o c k s or model compounds. 
The steam r e f o r m i n g t e s t performed c o m m e r c i a l l y by 
C a t a l y s t S e r v i c e s I n c . of S h e l b y v i l l e , Kentucky i s men
t i o n e d as an example. 

I n f o r m a t i o n on purchased c a t a l y s t s s h o u l d i n c l u d e 
the l o t numbers and d a t e s of manufacture, and the amount 
of water and o t h e r v o l a t i l e matter s t i l l c o n t a i n e d on 
the c a t a l y s t . S p e c i f i c a t i o n s s h o u l d p r o v i d e d a t a f o r 
c h e m i c a l a n a l y s e s , and p h y s i c a l - m e c h a n i c a l and p h y s i c a l -
c h e m i c a l p r o p e r t i e s . The l a t t e r i n f o r m a t i o n s h o u l d i n 
c l u d e d a t a c o n c e r n i n g the average shape and s i z e s of 
p a r t i c l e s , i n c l u d i n g o v e r s i z e d p a r t i c l e s , f i n e s c o n t e n t , 
and o t h e r measures of p h y s i c a l i n t e g r i t y . An example of 
i n f o r m a t i o n which c o u l d be i n c l u d e d i n purchase s p e c i f i 
c a t i o n s f o r a f i x e d bed c a t a l y s t i s shown i n the f o l l o w 
i n g Table I I . 
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388 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table I I . C a t a l y s t Purchase S p e c i f i c a t i o n s 

Analyses 
ASTM S p e c i f i e d V a l u e s 

HgthQd Mint Maxt Typical 
S u p p l i e r C a t a l y s t D e s i g n a t i o n 
Lot No. & Date Manufactured 
Shape and Nominal S i z e s 
CHEMICAL ANALYSES 
Molybdenum, v t % D 
N i c k e l , wt% D 
Other Chemical A n a l y s e s , ppm 
PHYSICAL PROPERTIES 
Crush S t r e n g t h , l b s , r a d i a l D 
A b r a s i o n R e s i s t a n c e , % Loss D 
Packed Bulk D e n s i t y D 
Pore S i z e D i s t r i b u t i o n , 

by Mercury I n t r u s i o n , D 
N i t r o g e n D e s o r p t i o n D 

Pore Volume, ml/g 
Sur f a c e Area, m2/g D 
Ammonia C h e m i s o r p t i o n D 

3943-86 
4481-85 

4179-82 
4058-87 
4699-87 

4284-83 
4222-83 

3663-84 
4824-88 

/. ./ . . 
t o be r e p o r t e d : 

f o r i n s t a n c e : 
12 25 15 

Q u a l i t y CQHtSQl Procedures 

A c a t a l y s t manufacturer w i l l have procedures i n p l a c e t o 
monitor the q u a l i t y of c a t a l y s t l o t s as these are b e i n g 
manufactured. To a l a r g e e x t e n t , i t w i l l depend on the 
customer, how much i n f o r m a t i o n c o n c e r n i n g c a t a l y s t prop
e r t i e s and c a t a l y s t performance i s b e i n g communicated. 

In some c a s e s , the c a t a l y s t manufacturer may have 
i n s u f f i c i e n t i n f o r m a t i o n c o n c e r n i n g the in t e n d e d use f o r 
the c a t a l y s t b e i n g s o l d . He w i l l base h i s m a n u f a c t u r i n g 
s p e c i f i c a t i o n s on h i s assumptions c o n c e r n i n g p o s s i b l e 
c a t a l y s t uses. 

The c a t a l y s t user may r e l y on the s u p p l i e r ' s q u a l 
i t y c o n t r o l , or he may have h i s own q u a l i t y c o n t r o l s f o r 
c a t a l y s t s r e c e i v e d a t the p l a n t s i t e . 

Standard Q u a l i t y C o n t r o l Procedure. A s t a n d a r d q u a l i t y 
c o n t r o l procedure was e s t a b l i s h e d i n Exxon Chemical Com
pany i n 1984. O p e r a t i n g p l a n t s were o f f e r e d in-house a s 
s i s t a n c e f o r d e v e l o p i n g a p p r o p r i a t e purchase s p e c i f i c a 
t i o n s , and f o r m o n i t o r i n g the q u a l i t y of l o t samples of 
purchased commercial c a t a l y s t s and a d s o r b e n t s . 

R e p r e s e n t a t i v e L o t Samples and A n a l y s e s . S u p p l i e r s of 
c a t a l y s t and f i x e d bed adsorbent a r e b e i n g r e q u e s t e d t o 
s u p p l y r e p r e s e n t a t i v e l o t samples and a n a l y t i c a l c e r 
t i f i c a t e s f o r each new purchase order a t the time the 
c a t a l y s t i s ready f o r shipment. The a n a l y t i c a l r e s u l t s 
are b e i n g compared w i t h updated purchase s p e c i f i c a t i o n s . 

QC E x p e r i e n c e . When we a p p l i e d q u a l i t y c o n t r o l s t o pur
chased c a t a l y s t s w i t h i n Exxon Chemical Company, we found 
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35. PULS Quality Assurance for Purchased Catalysts 

s i g n i f i c a n t l o t t o l o t v a r i a t i o n s i n the q u a l i t y of some 
c a t a l y s t s . Sometimes, such v a r i a t i o n s were w i t h i n the 
s p e c i f i c a t i o n s , o s c i l l a t i n g between maximum and minimum 
v a l u e s i n an u n p r e d i c t a b l e f a s h i o n , sometimes v a r i a t i o n s 
were caused by the absence of a p p r o p r i a t e s p e c i f i c a t i o n s 
T h i s i s i l l u s t r a t e d i n the f o l l o w i n g t h r e e examples: 

P f l E U g l e - kenqth ofi SxttVtaateg- A new r e a c t o r 
charge of a 3.2 mm (1/8 i n c h ) e x t r u d e d n i c k e l o x i d e on 
alumina c a t a l y s t was compared w i t h the p r e v i o u s charge, 
because the o p e r a t i n g p l a n t observed an i n c r e a s e i n 
c a t a l y s t c h i p s . These were thought t o have c o n t r i b u t e d 
t o p r e s s u r e drop problems. R e t a i n e d samples of the r e 
s p e c t i v e c a t a l y s t l o t s were examined. I t was found t h a t 
the replacement l o t c o n t a i n e d a h i g h e r percentage of 
s m a l l e r p a r t i c l e s which r e s u l t e d i n r e d u c i n g the l e n g t h 
t o diameter r a t i o of c a t a l y s t p a r t i c l e s . 

The t e s t was conducted by t a k i n g a 125 ml random 
sample from each r e p r e s e n t a t i v e l o t sample, s o r t i n g i n d i 
v i d u a l p a r t i c l e s i n each sample by l e n g t h , and measuring 
groups of 25-50 p a r t i c l e s of a p p r o x i m a t e l y e q u a l s i z e . 
T o t a l number of p a r t i c l e s ranged from 900 t o 1200, r e 
s p e c t i v e l y . These were d i v i d e d i n t o about 30 f r a c t i o n s . 

The average p a r t i c l e l e n g t h was c a l c u l a t e d by d i v i d 
i n g the l e n g t h of a 260 mm l o n g r u l e r by the number of 
p e l l e t s , counted f o r each f r a c t i o n , which were l i n e d up 
a g a i n s t the r u l e r . The d a t a i s summarized i n the f o l l o w 
i n g t a b l e . 

Table I I I . P a r t i c l e S i z e Measurements 

P a r t i c l e S i z e Range 
Lencrth i n m i l l i m e t e r s 

Replacement 
L o t B 

P r e v i o u s 
L o t A 

> 13.6 1 % 17 % 
5.6 - 13.5 50 % 73 % 
4.6 - 5.5 23 % 9 % 

< 4.6 2$ \ I \ 
100 % 100 % 

Average p a r t i c l e l e n g t h 5.8 mm 9.4 mm 
Diameter of e x t r u d a t e s 3.2 mm 3.2 mm 
Average L/D r a t i o of e x t r u d a t e s 1.8 2.9 

These a n a l y s e s were reviewed w i t h the s u p p l i e r . The 
s i z e d i s t r i b u t i o n and the l e n g t h / d i a m e t e r r a t i o of the 
c a t a l y s t were s u b s e q u e n t l y d e f i n e d i n purchase s p e c i f i c a 
t i o n s t o e l i m i n a t e u n c o n t r o l l e d l o t t o l o t v a r i a t i o n s . 

Depth of P a l l a d i u m P e n e t r a t i o n . A new c a t a l y s t charge, 
c o n s i s t i n g of 0.3 wt % p a l l a d i u m on a l u m i n a , e x h i b i t e d 
h i g h e r a c t i v i t y and lower s e l e c t i v i t y a t g i v e n p l a n t op
e r a t i n g c o n d i t i o n s . Chemical and p h y s i c a l p r o p e r t i e s of 
t h i s charge were compared w i t h the p r e v i o u s charge which 
had been o p e r a t i n g s a t i s f a c t o r i l y . 
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390 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Standard a n a l y t i c a l p r o c e d u r e s , i n c l u d i n g CO chemi-
s o r p t i o n , i n d i c a t e d t h a t the new charge appeared t o be 
of the same q u a l i t y as p r e v i o u s l y used c a t a l y s t . Subse
q u e n t l y , e l e c t r o n probe scans l e d t o the o b s e r v a t i o n 
t h a t the depth of p a l l a d i u m i m p r e g n a t i o n had changed. A 
comparison of t y p i c a l p a l l a d i u m p e n e t r a t i o n s f o r the two 
charges i s shown i n Table IV and i n F i g u r e s 1 and 2. 

Subsequent a c t i v i t y t e s t s w i t h model compounds were 
c o n s i s t e n t w i t h the r e s u l t s shown i n Table IV and proved 
t o our s a t i s f a c t i o n t h a t the new c a t a l y s t was d i f f e r e n t . 

Table IV. E l e c t r o n Probe Pd Measurements 

Scanning 
SDheres : 

E l e c t r o n Probe Traces of 3 mm 
In Cross S e c t i o n (Averacres) L o t Y Lot X 

Depth of 
T o t a l Pd 

major Pd peak, microns 
p e n e t r a t i o n , microns 

115 
570 

360 
770 

C a t a l y s t A c i d i t y bv Ammonia C h e m i s o r p t i o n . P l a n t p e r f o r -
mances below e x p e c t a t i o n s were r e p o r t e d by two u n i t s , i n 
which the o r i g i n a l alumina based c a t a l y s t s were r e 
p l a c e d . S u r f a c e a r e a s p e c i f i c a t i o n s were 150-200 m2/g 
f o r both c a t a l y s t s . A c i d i t y was measured by ammonia 
c h e m i s o r p t i o n u s i n g a r e c o r d i n g vacuum thermoanalyzer 
w i t h a TGA sample h o l d e r , and was c o r r e l a t e d w i t h BET 
s u r f a c e a r e a , as shown i n Table V. 

In one case , a c i d i t y needed f o r the r e a c t i o n was 
maximized by changing the s p e c i f i c a t i o n t o 190-200 m2/g 
s u r f a c e a r e a . In the other case, u n d e s i r a b l e s i d e r e a c 
t i o n s , thought t o be caused by e x c e s s i v e a c i d i t y of the 
c a r r i e r , were minimized by a d o p t i n g a s u r f a c e a r e a of 
150-160 m2/g as a new purchase s p e c i f i c a t i o n . 

Table V. Ammonia C h e m i s o r p t i o n and Su r f a c e Area 

BET S u r f a c e Area Ammonia C h e m i s o r p t i o n 
Sample m2/g m U U e q u i v a l e n t s / g r a m 

High A c i d i t y Alumina 
New replacement 192 0.55 
New s p e c i f i c a t i o n 190-200 -
Replacement charge 147 ( too low) 0.46 
P r e v i o u s charge 198 0.60 

Low A c i d i t y C a t a l y s t 
New replacement 153 0.41 
New manuf. t a r g e t 150-160 -Replacement charge 196 ( t o o high) 0.56 
P r e v i o u s charge 150 0.40 

L i m i t a t i o n s of Q u a l i t y C o n t r o l . Q u a l i t y c o n t r o l by de
t e c t i o n i s based on the i n s p e c t i o n of f i n i s h e d c a t a l y s t 
b e f o r e i t i s b e i n g shipped t o the customer. 
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35. PULS Quality Assurance for Purchased Catalysts 391 

T i r 
0 115 570 
Pd P e n e t r a t i o n (microns) 

Figure 1. Lower Depth of Impregnation. 
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392 CHARACTERIZATION AND CATALYST DEVELOPMENT 

F i g u r e 2. Deeper Subsurface I m p r e g n a t i o n . 
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35. PULS Quality Assurance for Purchased Catalysts 393 

P r o d u c t not meeting m a n u f a c t u r i n g s p e c i f i c a t i o n s i s e i 
t h e r b e i n g r e c y c l e d , s e p a r a t e d f o r o t h e r uses, or d i s 
c a r d e d . A f t e r r e c e i v i n g t he c a t a l y s t , the customer may 
a p p l y h i s own q u a l i t y c o n t r o l and may r e j e c t drums of 
c a t a l y s t s which do not meet h i s i n s p e c t i o n c r i t e r i a . 

I n f o r m a t i o n developed d u r i n g an i n s p e c t i o n can be 
used o n l y f o r the next c a t a l y s t o r d e r , assuming the pur
chaser w i l l pass the i n f o r m a t i o n on t o the s u p p l i e r . 
Thus, q u a l i t y c o n t r o l by d e t e c t i o n i s u n s a t i s f a c t o r y , and 
i s w a s t e f u l due t o p o t e n t i a l d u p l i c a t i o n of q u a l i t y con
t r o l e f f o r t s by both the s u p p l i e r and the customer. 

Q u a l i t y c o n t r o l can o n l y d e t e c t , but does not p r e 
v e n t , d e v i a t i n g and poorer q u a l i t y from happening. In 
t h i s s i t u a t i o n , s u p p l i e r s u n d e r - u t i l i z e c a t a l y s t p e r f o r 
mance d a t a s i n c e u s e r s u s u a l l y w i l l not communicate such 
i n f o r m a t i o n . Users u n d e r - u t i l i z e the know-how i n c a t a l y s t 
manufacture which s u p p l i e r s c a r e f u l l y guard. 

The way out of t h i s s i t u a t i o n i s t o i n t r o d u c e appro
p r i a t e s t a t i s t i c a l p r o c e s s c o n t r o l procedures i n the 
ma n u f a c t u r i n g p r o c e s s e s of the s u p p l i e r , h i s s u p p l i e r s , 
and the u s e r . Through these e f f o r t s , s a t i s f a c t o r y as 
w e l l as u n s a t i s f a c t o r y performances of i n d i v i d u a l l o t s of 
c a t a l y s t s can be determined, and l o t t o l o t v a r i a t i o n s of 
c a t a l y s t q u a l i t y can be i d e n t i f i e d . 
PKQfluce^s' frQt t o kpfr V a r i a t i o n s 

F i x e d bed c a t a l y s t s a r e manufactured i n non-continuous 
p r o c e s s e s . V a r i a t i o n s i n the q u a l i t y have been observed 
from l o t t o l o t and from p e l l e t t o p e l l e t . 

C a t a l y s t Manufacture. Many b a t c h and semicontinuous 
p r o c e s s i n g s t e p s a r e r e q u i r e d . A t y p i c a l f l o w p l a n f o r a 
c a t a l y s t m a n u f a c t u r i n g p l a n t i n c l u d e s the p r e p a r a t i o n 
and p u r i f i c a t i o n of raw m a t e r i a l s , manufacture of 
c a t a l y s t s u p p o r t m a t e r i a l s as powders, d r y i n g , s i z i n g , 
f o r m i n g , i m p r e g n a t i o n , c a l c i n i n g , r e d u c t i o n and s t a b i l i 
z a t i o n , s c r e e n i n g and packaging o p e r a t i o n s . Some of the 
o p e r a t i o n s a r e c a r r i e d out i n r e p e t i t i v e batches as 
s m a l l as 500 t o 1,000 l b s . 
C a t a l y s t q u a l i t y i s a f f e c t e d i n a l l of the o p e r a t i o n s . 
Adjustments b e i n g made t o any of these p r o c e s s i n g s t e p s 
a f f e c t o t h e r downstream o p e r a t i o n s . An adjustment b e i n g 
made t o c o r r e c t a s i n g l e c a t a l y s t p r o p e r t y w i l l a f f e c t 
o t h e r p r o p e r t i e s . For i n s t a n c e , an i n c r e a s e i n the c r u s h 
s t r e n g t h through a p p l i c a t i o n of h i g h e r forming p r e s s u r e 
w i l l reduce the s i z e of macro-pores. With these f a c t s 
i n mind, i t i s not s u r p r i s i n g t h a t c a t a l y s t p r o p e r t i e s 
u s u a l l y v a r y i n some way from one l o t t o the ne x t . 

S t a t i s t i c a l P r o c e s s C o n t r o l 

S t a t i s t i c a l p r o c e s s c o n t r o l (SPC) i s used i n accordance 
w i t h the p r i n c i p l e of p r e v e n t i o n i n s t e a d of d e t e c t i o n by 
measuring v a r i a b l e s and a t t r i b u t e s on a r e a l - t i m e b a s i s . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
03

5



394 CHARACTERIZATION AND CATALYST DEVELOPMENT 

T h i s a l l o w s the manufacturer t o take c o r r e c t i v e a c t i o n s 
as soon as s t a t i s t i c a l l y s i g n i f i c a n t d e v i a t i o n s from an 
aim a r e b e i n g d e t e c t e d d u r i n g the man u f a c t u r i n g p r o c e s s . 

The o p e r a t o r s h o u l d not have t o dec i d e f r e q u e n t l y 
t o what v a l u e s i n d i v i d u a l o p e r a t i n g parameters s h o u l d be 
a d j u s t e d , i . e . w i t h i n ranges as b e i n g s p e c i f i e d i n the 
r e c i p e s , thus a l l o w i n g f o r a r b i t r a r y v a r i a t i o n s t o occur 
between many upper and lower c o n t r o l p o i n t s . 

S p e c i f i c t a r g e t s f o r ma n u f a c t u r i n g v a r i a b l e s and 
f o r a t t r i b u t e s of raw and i n t e r m e d i a t e m a t e r i a l s can be 
d e f i n e d through the a p p l i c a t i o n of c o n t r o l c h a r t s when 
the m a n u f a c t u r i n g p r o c e s s o v e r a l l i s balanced and i n 
c o n t r o l . By u s i n g such t a r g e t s , the o p e r a t o r can reduce 
s t a r t - u p times f o r c a t a l y s t batches and can m a i n t a i n , 
through SPC ( 5 ) P a more st e a d y o p e r a t i o n , i n which un
c o n t r o l l e d m a n u f a c t u r i n g v a r i a t i o n s w i l l be mi n i m i z e d . 

E s s e n t i a l l y a l l c a t a l y s t manufacturers have take n 
s t e p s i n r e c e n t years t o t r a i n l a b o r a t o r y and manufac
t u r i n g p e r s o n n e l i n the a p p l i c a t i o n of SPC, and t o make 
m o d i f i c a t i o n s t o the man u f a c t u r i n g f a c i l i t i e s t o improve 
Cpk, the pro c e s s c a p a b i l i t y index ( 6 ) . Data c o l l e c t i o n 
and a n a l y s i s on c o n t r o l c h a r t s a r e u s u a l l y f i r s t s t e p s 
f o r implementing SPC. 

C a t a l y s t User. A n a l y s i s of c o n s e c u t i v e l o t s of pur
chased c a t a l y s t i s u s u a l l y a f i r s t s t e p which customers 
can take t o determine how c a t a l y s t p r o p e r t i e s o s c i l l a t e 
between upper and lower s p e c i f i c a t i o n v a l u e s . T h i s i s 
i l l u s t r a t e d i n F i g u r e s 3 and 4. The two c o n t r o l c h a r t s 
shown c o n t a i n the v a l u e s of reduced n i c k e l c o n t e n t of 
c o n s e c u t i v e l o t s of s i m i l a r n i c k e l c a t a l y s t s . Both 
c a t a l y s t s c o n t a i n about 50 wt % NiO and are prereduced. 

I n the f i r s t f i g u r e , l a r g e l o t t o l o t v a r i a t i o n s 
can be observed, a l t h o u g h the c a t a l y s t meets i t s 
s p e c i f i c a t i o n s of 40-60 wt % NiO and 40-60% r e d u c t i o n . 
However, i t s q u a l i t y w i t h r e s p e c t t o reduced N i v a l u e 
c o u l d be c o n s i d e r e d t o be out of c o n t r o l . An X-bar 
v a l u e of 29.0 wt % N i i s b e i n g c a l c u l a t e d . 

The second case r e p r e s e n t s more r e c e n t d a t a . Here, 
q u a l i t y w i t h r e s p e c t t o reduced N i v a l u e i s i n c o n t r o l 
through the prob a b l e a p p l i c a t i o n of a p p r o p r i a t e t a r g e t s 
f o r o p e r a t i n g v a r i a b l e s i n c a t a l y s t manufacture. An 
X-bar v a l u e of 31.3 wt % N i i s b e i n g c a l c u l a t e d . 

S i m i l a r o b s e r v a t i o n s can be made c o n c e r n i n g o t h e r 
c h e m i c a l and p h y s i c a l c a t a l y s t p r o p e r t i e s . Not a l l 
v a r i a t i o n s i n q u a l i t y w i l l a d v e r s e l y a f f e c t c a t a l y s t 
performance. However, the p r i c e of nonconformance, i n 
many c a s e s , i s unknown. 

C a t a l y s t M a n u f a c t u r e r , The next s t e p i s f o r the manufac
t u r e r t o generate c o n t r o l c h a r t s of i n d i v i d u a l d a t a 
(such as X- or I - c h a r t s and R - c h a r t s ) from which a v e r 
ages, upper and lower three-sigma l i m i t s and ranges be
tween c o n s e c u t i v e d a t a can be determined. M a n u f a c t u r i n g 
o b s e r v a t i o n s and events a r e a l s o l i s t e d on these c o n t r o l 
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F i g u r e 3. L o t t o L o t V a r i a t i o n s W i t h i n S p e c i f i c a t i o n s . 
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F i g u r e 4. In C o n t r o l Through M a n u f a c t u r i n g T a r g e t s . 
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396 CHARACTERIZATION AND CATALYST DEVELOPMENT 

c h a r t s , i n order t o determine a s s i g n a b l e causes of de
v i a t i o n s . T h i s l e a d s t o the development of c o r r e c t i v e 
a c t i o n s aimed a t e l i m i n a t i n g unwanted v a r i a t i o n s . 

In a d d i t i o n t o X - c h a r t s and R - c h a r t s , CUSUM c h a r t s 
are sometimes used. Trends can be d e t e c t e d sooner when 
u s i n g CUSUM c h a r t s . More r e c e n t l y , the use of EWMA, ex
p o n e n t i a l l y weighted moving aver a g e s , i s b e i n g suggested 
as b e i n g e a s i e r t o use on the f a c t o r y f l o o r . 

Sources of proc e s s v a r i a n c e can be q u a n t i f i e d and 
ranked through s t a t i s t i c a l d e s i g n of expe r i m e n t s . R e l a 
t i o n s between v a r i a n c e s of proc e s s i n p u t and output can 
be developed. In t h i s way, the e f f e c t of l a b o r a t o r y 
a n a l y s e s , as w e l l as of p a r a l l e l or s e q u e n t i a l manufac
t u r i n g s t e p s , on the o v e r a l l v a r i a n c e f o r a c a t a l y s t can 
be determined. 

S u p p l i e r A c c r e d i t a t i o n Procedure 

The s u p p l i e r - u s e r or vendor-vendee r e l a t i o n s h i p , as i t 
p e r t a i n s t o q u a l i t y , i s w e l l d e s c r i b e d i n the American 
N a t i o n a l Standard's ANSI/ASQC Q90-1987 t o Q94-1987. The 
stan d a r d s a r e t e c h n i c a l l y e q u i v a l e n t t o the ISO 9000 t o 
ISO 9004 s e r i e s of the i n t e r n a t i o n a l Q u a l i t y Management 
and Q u a l i t y Assurance Standards. The recommended q u a l i t y 
system s p e c i f i e s q u a l i t y p o l i c y , o r g a n i z a t i o n , a u t h o r 
i t y , p e r s o n n e l , management r e v i e w , and so on. 

Twelve c h e m i c a l producers r e c e n t l y c ooperated w i t h 
the American S o c i e t y f o r Q u a l i t y C o n t r o l and i s s u e d a 
Manual of Good P r a c t i c e s . An e x t e n s i v e b i b l i o g r a p h y i s 
i n c l u d e d i n the b o o k l e t ( 7 ) . 

Our c u r r e n t views on how t o implement a c a t a l y s t 
s u p p l i e r a c c r e d i t a t i o n procedure a r e as f o l l o w s . A team 
c o n s i s t i n g of r e p r e s e n t a t i v e s of t e c h n i c a l , a n a l y t i c a l , 
p l a n t o p e r a t i o n and p u r c h a s i n g f u n c t i o n s v i s i t s w i t h the 
s u p p l i e r ' s e q u i v a l e n t r e p r e s e n t a t i v e s p r i o r t o p l a c i n g a 
major o r d e r , or a t c e r t a i n i n t e r v a l s . The meeting w i l l 
have the f o l l o w i n g f i v e p a r t agenda: 

Table V I . S u p p l i e r A c c r e d i t a t i o n 

Agenda f o r C a t a l y s t User and S u p p l i e r V i s i t 
T o p i c 

1. P r o v i d e e s t i m a t e of p o t e n t i a l purchases 
2. Review p r e v i o u s a n a l y s e s , c a t a l y s t performance, 

and c a t a l y s t s p e c i f i c a t i o n s 
3. Review imp l e m e n t a t i o n of c o n t r o l c h a r t s and SPC 
4. Review p r e v i o u s t o t a l q u a l i t y performance 
5. N o t i f y s u p p l i e r of e v a l u a t i o n r e s u l t s and 

p r o v i d e f i n a l i z e d purchase s p e c i f i c a t i o n s . 

T h i s s u p p l i e r a c c r e d i t a t i o n procedure i s aimed a t 
a c h i e v i n g programs of c o n t i n u e d improvement i n q u a l i t y 
through SPC implementation i n c a t a l y s t manufacture. 
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35. PULS Quality Assurance for Purchased Catalysts 397 

I n working w i t h c a t a l y s t s u p p l i e r s we are l e d t o 
the u n d e r s t a n d i n g t h a t SPC procedures and c o n t r o l c h a r t s 
can be a p p l i e d t o the p r e p a r a t i o n of s m a l l e r batches of 
f i n i s h e d c a t a l y s t s such as used i n c h e m i c a l i n d u s t r i e s . 

Data c o l l e c t e d f o r c o n s e c u t i v e c a t a l y s t l o t s show 
t h a t q u a l i t y c o n s i s t e n c y has improved s i g n i f i c a n t l y a f 
t e r i n t r o d u c i n g c o n t r o l c h a r t s i n c a t a l y s t manufacture. 

Rewards f o r t h i s course of a c t i o n a r e seen i n more 
c o n s i s t e n t c a t a l y s t q u a l i t y , e v e n t u a l l y reduced a n a l y t i 
c a l c o s t s , and o p p o r t u n i t i e s t o dev e l o p p r e f e r r e d sup
p l i e r s t a t u s t o meet the s p e c i a l needs of the customer's 
i n d i v i d u a l c h e m i c a l u n i t . 

C o n c l u s i o n s 

L o t t o l o t v a r i a t i o n s i n the q u a l i t y of purchased f i x e d 
bed c a t a l y s t s a r e c a u s i n g s i g n i f i c a n t p l a n t problems f o r 
p e t r o c h e m i c a l c a t a l y s t u s e r s . 

C o n v e n t i o n a l q u a l i t y c o n t r o l procedures f a l l s h o r t 
of c u r r e n t needs t o improve the c o n s i s t e n c y of purchased 
c a t a l y s t q u a l i t y and are b e i n g supplemented by the use 
of c o n t r o l c h a r t s and s t a t i s t i c a l p r o c e s s c o n t r o l . 

E s s e n t i a l l y a l l c a t a l y s t m anufacturers have t a k e n 
s t e p s i n these p a s t c o u p l e of ye a r s t o implement SPC i n 
t h e i r m a n u f a c t u r i n g p r o c e s s e s , i n order t o improve the 
c o n s i s t e n c y of c a t a l y s t p r o p e r t i e s . 

The q u a l i t y of purchased f i x e d bed c a t a l y s t s and 
adso r b e n t s i s i m p o r t a n t . A s u p p l i e r a c c r e d i t a t i o n p r o c e 
dure i s b e i n g implemented. 

ASTM Methods f o r c a t a l y s t and z e o l i t e a n a l y s e s and 
American and I n t e r n a t i o n a l Standards f o r q u a l i t y c o n t r o l 
and q u a l i t y assurance form the c o r n e r s t o n e s of the fo u n 
d a t i o n upon which f u t u r e c a t a l y s t s u p p l i e r - c a t a l y s t user 
r e l a t i o n s h i p s w i l l be c o n s t r u c t e d . 
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Chapter 36 

Bulk Crush Testing of Catalysts 

Steven A. Bradley1, Emory Pitzer2,3, and William J. Koves1 

1UOP Research Center, Des Plaines, IL 60017 
2Phillips Petroleum Company, Bartlesville, O K 74004 

The ASTM D-32 Committee on Catalysts has investigated the 
variables associated with bulk crush testing of formed 
catalyst and catalysts supports. The most critical 
parameters include packing density of the catalyst in the 
cell, the ratio of the height of the bed to the diameter 
of the bed, and moisture content of the catalyst. 
Because of the problems associated with obtaining identi
cal packing densities in the cell, a new test cell was 
designed. 

C a t a l y s t s have to be s u f f i c i e n t l y strong to endure the r i g o r s of 
han d l i n g and use. For example, the c a t a l y s t must be strong enough 
to w i t h s t a n d the l o a d i n g i n t o a r e a c t o r . The c a t a l y s t a l s o cannot 
a t t r i t e or break-up due to the weight of the bed, gas flow, c a t a l y s t 
movement i n continuous process or thermal expansion and c o n t r a c t i o n s 
of the bed and container v e s s e l . I f a p h y s i c a l breakdown were to 
occur, the r e s u l t i n g f i n e s formation can produce a pressure drop 
across the r e a c t o r as w e l l as cause flow m a l d i s t r i b u t i o n . Channel
i n g or m a l d i s t r i b u t i o n through the bed decreases r e a c t o r performance 
because of reduced c a t a l y s t contact and r e d u c t i o n of products of 
r e a c t i o n . The com m e r c i a l i z a t i o n or sa l e s of a formed c a t a l y s t may 
re q u i r e e v a l u a t i o n of the mechanical p r o p e r t i e s by both the user and 
producer and t h i s n e c e s s i t a t e s the u t i l i z a t i o n of i d e n t i c a l t e s t 
methods. 

To evaluate the mechanical p r o p e r t i e s of c a t a l y s t s and c a t a l 
y s t p r e c u r s o r s , the ASTM D-32 Committee on C a t a l y s t s has prepared 
s e v e r a l t e s t methods that meet the c r i t e r i a of acceptable i n t e r -
l a b o r a t o r y r e p o r d u c i b i l i t y . Some of these methods f o r e v a l u a t i n g 
the p h y s i c a l c h a r a c t e r i s t i c s of a c a t a l y s t i n c l u d e a t t r i t i o n and 
abr a s i o n (D4058), s i n g l e p e l l e t crush s t r e n g t h (D4179), v i b r a t e d 
packing d e n s i t y (D4180 and D4512), and p a r t i c l e s i z e a n a l y s i s 
(D4438, D4464 and D4513). One p h y s i c a l property determination t h a t 
has proved most d i f f i c u l t to standardize has been the bulk crush 
s t r e n g t h of a c a t a l y s t bed. This paper w i l l d e scribe the experimen
t a l problems a s s o c i a t e d w i t h t h i s determination as w e l l as the 
development of a new t e s t c e l l t hat s i g n i f i c a n t l y improves the 
i n t e r l a b o r a t o r y r e p r o d u c i b i l i t y . Bulk crush s t r e n g t h e v a l u a t i o n was 
a n t i c i p a t e d to be more i n d i c a t i v e of the p h y s i c a l f a i l u r e which 

3Retired consultant 
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36. BRADLEY ETAL. Bulk Crush Testing of Catalysts 399 

might be experienced i n a c a t a l y s t bed during usage. Furthermore 
the crushing s t r e n g t h would be expected to be l e s s s e n s i t i v e to the 
v a r i a t i o n s i n c a t a l y s t diameter or l e n g t h that has been reporte d f o r 
s i n g l e p e l l e t c r u s h i n g [1]. There are two b a s i c experimental 
approaches f o r measuring the crushing s t r e n g t h of a c a t a l y s t bed. 
E i t h e r a l o a d i s a p p l i e d by p r e s s i n g a plunger onto a bed t h a t i s 
c o n s t r a i n e d by the w a l l s of a c y l i n d e r [2,3] or an i s o s t a t i c l o a d i s 
u t i l i z e d [4]. 

The procedure s e l e c t e d by the committee used a u n i a x i a l p i s t o n 
l o a d a p p l i e d to the top of the bed (Figure 1). Samples were d r i e d 
i n a i r at 400°C f o r 3h because v a r i a t i o n s i n moisture content are 
known to a f f e c t crush s t r e n g t h [2]. The l o a d was a p p l i e d at 5 
p s i / s e c and then h e l d at the t e s t pressure f o r 60 seconds. The 
amount of f i n e s was determined by s i e v i n g the t o t a l sample. Data 
was d i s p l a y e d as e i t h e r amount of f i n e s f o r a f i x e d f o r c e or the 
f o r c e necessary to produce a given amount of f i n e s . 

With t h i s f i x t u r e design a strong and a weak c a t a l y s t c o u l d be 
d i f f e r e n t i a t e d (Figure 2). However, there was s u b s t a n t i a l data 
s c a t t e r among l a b o r a t o r i e s i n the c r u s h i n g s t r e n g t h r e q u i r e d to 
produce 1% f i n e s as t h i s value f o r two d i f f e r e n t l a b o r a t o r i e s c o u l d 
vary by as much as a f a c t o r of two. For example, f o r a Norton 0.3 
cm diameter s p h e r i c a l c a t a l y s t base the crushing s t r e n g t h average 
was 650±220kg. This wide v a r i a t i o n was deemed unacceptable by the 
task group. A number of v a r i a b l e s were then i n v e s t i g a t e d . As would 
be expected, changing sieves from a No. 12 to a No. 8 s i z e increased 
the amount of f i n e s but t h i s v a r i a b l e had l i t t l e i n f l u e n c e i n 
i n t e r l a b o r a t o r y data s c a t t e r . Reducing the bed h e i g h t to bed 
diameter (L/D r a t i o ) from 1 to 0.25 a l s o had a s i g n i f i c a n t e f f e c t on 
f i n e s generation (Figure 3) and d i d have some improvement i n i n t e r 
l a b o r a t o r y r e p r o d u c i b i l i t y . This r e s u l t was not u n a n t i c i p a t e d s i n c e 
the a p p l i e d s t r e s s i s r a p i d l y t r a n s m i t t e d to the w a l l s of the 
c y l i n d e r by shear s t r e s s from the c a t a l y s t . The a x i a l s t r e s s 
c a r r i e d by the c a t a l y s t bed diminishes w i t h d i s t a n c e from the 
a p p l i e d l o a d u n t i l at great distances the c y l i n d e r w a l l s c a r r y 
e s s e n t i a l l y a l l of the load. Figure 4 i l l u s t r a t e s the i n f l u e n c e of 
w a l l f r i c t i o n and L/D r a t i o on the a x i a l s t r e s s c a r r i e d by the 
c a t a l y s t . The r e s u l t s are p l o t t e d as the r a t i o of c a t a l y s t s t r e s s 
at the bottom of the t e s t cup to the a p p l i e d s t r e s s , versus l e n g t h 
to diameter (L/D) r a t i o f o r s e v e r a l values of w a l l f r i c t i o n c o e f f i 
c i e n t times the Janssen [5] s t r e s s r a t i o c o e f f i c i e n t . The theory 
behind the curves i s based on the method of d i f f e r e n t i a l s l i c e s as 
d e s c r i b e d by Walker [6], which may not be accurate f o r small L/D 
r a t i o s ; however, i t i s q u a l i t a t i v e l y c o r r e c t . 

For an L/D of 1 the theory p r e d i c t s that the pressure at the 
bottom of the cup would be s i g n i f i c a n t l y reduced, depending on the 
c a t a l y s t f r i c t i o n p r o p e r t i e s . Paxton and Seddon [7] demonstrated 
t h i s by monitoring e f f e c t i v e loads t r a n s m i t t e d by beds of v a r y i n g 
depths. Thus w i t h a l a r g e L/D r a t i o very few c a t a l y s t p e l l e t s w i l l 
see a s i g n i f i c a n t load. A double p i s t o n arrangement can double the 
number of p e l l e t s seeing a given s t r e s s l e v e l . However, depending 
upon how the bed i s packed, some c a t a l y s t p e l l e t s w i l l always s t i c k 
above the bed and be i n i t i a l l y crushed. In f a c t p e l l e t s t h a t are 
above the r e s t of the bed can create the e n t i r e amount of f i n e s . 
This i n i t i a l c r u s h i n g c o u l d a l s o be noted i n the l o a d displacement 
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Figure 1. C o n f i g u r a t i o n of u n i a x i a l bulk crush t e s t e r . 
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Figure 2. Bulk crushing c h a r a c t e r i s t i c s of two d i f f e r e n t types 
of c a t a l y s t s . 
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Figure 3. E f f e c t of changing the amount of c a t a l y s t i n c e l l , 
bed h e ight (L)/bed diameter (D). 
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Figure 4. Influence of w a l l f r i c t i o n on a x i a l s t r e s s . 
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402 CHARACTERIZATION AND CATALYST DEVELOPMENT 

curve (Figure 5). Several approaches can be used to minimize t h i s 
problem. A rubber i n s e r t [2] or f e l t pad [3] i n the p i s t o n has been 
suggested. Another p o s s i b i l i t y i s to u t i l i z e s t e e l b a l l s at the top 
of the bed. These s t e e l b a l l s reduced the amount of f i n e s f o r a 
given a p p l i e d load; but uniform covering was d i f f i c u l t to achieve. 
Round r o b i n e v a l u a t i o n was not pursued. 

Even decreasing the L/D r a t i o to 0.25, us i n g the same charge 
of c a t a l y s t to the c y l i n d e r , d r y i n g the c a t a l y s t to an i d e n t i c a l 
moisture l e v e l , i n c r e a s i n g the f i n e s production requirement, 
c a l i b r a t i n g l o a d c e l l s , and t r y i n g to pack the bed so that the top 
of the bed was of uniform h e i g h t , s t i l l d i d not reduce the data 
s c a t t e r among l a b o r a t o r i e s . Data s c a t t e r could not be a t t r i b u t e d to 
v a r i a t i o n s i n f i x t u r e s such as w a l l or p i s t o n surface f i n i s h , as the 
exchange of p i s t o n and c y l i n d e r r e s u l t e d i n r a t h e r s i m i l a r r e s u l t s 
when t e s t e d by a s i n g l e i n d i v i d u a l (Figure 6). However, an 
i n v e s t i g a t i o n of operator c o n t r o l l e d parameters re v e a l e d the 
n e c e s s i t y of a c h i e v i n g the same packing d e n s i t y of c a t a l y s t p e l l e t s 
(Figure 7). When a l l operators used the same v i b r a t o r y method, 
s i m i l a r f i n e s production c o u l d be achieved f o r the given a p p l i e d 
l o a d . 

Because of the c r i t i c a l i t y of a c h i e v i n g the same packing 
d e n s i t y , a new c e l l was designed that a l s o i n c o r p o r a t e d many of the 
other important v a r i a b l e s t h a t had already been i n t e g r a t e d i n t o the 
method (Figure 8). The o b j e c t i v e was to loa d a f i x e d volume of 
c a t a l y s t i n t o the c e l l . To determine the amount of c a t a l y s t to add, 
the b u l k d e n s i t y of the c a t a l y s t per ASTM D4180 was performed f i r s t . 
A s i m i l a r l y d r i e d sample tha t would f i l l a 47 cm3 volume was weighed 
and i n s e r t e d i n t o the f i x e d volume. Neoprene i n s e r t s at each end of 
the c e l l were u t i l i z e d to prevent s i n g l e p e l l e t s from cru s h i n g 
prematurely. Weight percent f i n e s was then obtained a f t e r c r u s h i n g 
the sample under v a r i o u s loads. Crushing s t r e n g t h was def i n e d as 
the l o a d r e q u i r e d to produce one percent or some other pre
determined weight percent f i n e s . To assure u n i a x i a l l o a d i n g a s t e e l 
b a l l was placed on top of the p i s t o n . 

To evaluate i n t e r l a b o r a t o r y r e p r o d u c i b i l i t y , a round r o b i n 
t e s t i n g program was i n i t i a t e d . A 0.6 cm diameter s p h e r i c a l alumina 
base was s u p p l i e d by P h i l l i p s Petroleum Company f o r t h i s round r o b i n 
t e s t . The bulk d e n s i t y of as-re c e i v e d m a t e r i a l was determined by 
ASTM D4180 and the l o s s of weight a f t e r a 2 hour heat treatment at 
400°C was used to c a l c u l a t e the amount of d r i e d c a t a l y s t base to be 
charged to the t e s t c e l l . The v a r i a t i o n i n c a t a l y s t base loaded to 
the c e l l f o r a l l l a b o r a t o r i e s p a r t i c i p a t i n g was l e s s than 1.8%. 
A f t e r f i l l i n g the c e l l w i t h the appropriate amount of c a t a l y s t base 
th a t had been d r i e d f o r 2 hours at 400°C, the lo a d was a p p l i e d to 
the c e l l at a ra t e of 10-20 kg/sec. The r e q u i r e d l o a d was 
maintained f o r 30 seconds. Weight percent f i n e s were determined at 
loads of 817, 1135 and 1453 kg. The loa d r e q u i r e d to produce 1% 
f i n e s was then i n t e r p o l a t e d from the average of three runs f o r each 
l o a d i n g . For the f i v e l a b o r a t o r i e s p a r t i c i p a t i n g i n the program, 
the average crushing load r e q u i r e d to produce 1% f i n e s was 1150190 
kg. The standard d e v i a t i o n f o r t h i s s e r i e s of t e s t s has been 
s i g n i f i c a n t l y reduced when compared to the previous round r o b i n 
t e s t i n g programs. 
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LOAD 

Figure 5. Load displacement curve f o r 3.2 mm diameter spheres. 
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Figure 6. Minor v a r i a t i o n i n f i n e p r o d u c t i o n from u t i l i z i n g l o a d 
c e l l s f a b r i c a t e d by two d i f f e r e n t l a b o r a t o r i e s . 
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404 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 7. E f f e c t of packing d e n s i t y on f i n e s production.  P
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Figure 8. New t e s t c e l l design. 
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406 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Conclusion 

A t e s t method f o r b u l k crush t e s t i n g of c a t a l y s t s and c a t a l y s t bases 
has been developed tha t s i g n i f i c a n t l y reduces i n t e r l a b o r a t o r y data 
s c a t t e r . For e x c e l l e n t i n t e r l a b o r a t o r y r e p r o d u c i b i l i t y , i d e n t i c a l 
packing d e n s i t y of the c a t a l y s t i n the c e l l and moisture content of 
the c a t a l y s t must be maintained. The new c e l l design improves the 
u n i f o r m i t y of the a p p l i e d l o a d across the top of the bed and thus 
reduces the p o t e n t i a l of premature f i n e s formation. 
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Chapter 37 

Single-Pellet Crush Strength Testing 
of Catalysts 

P. K. Brienza1 

A S T M , 1916 Race Street, Philadelphia, PA 19103-1187 

ASTM D-32 Committee on Catalysts has developed 
a standard test method for single pellet crush 
strength for formed catalyst shapes. This 
standard was issued under the fixed designation 
D-4179. The method is applicable to regular 
catalyst shapes such as tablets and spheres. 
Extrudates, granular materials and other 
irregular shapes are excluded. The committee 
continues to work on the development of a method 
for the single pellet crush strength testing of 
extrudates. 

S i n g l e p e l l e t c r u s h t e s t i n g has p l a y e d an i n t e g r a l 
p a r t i n i n d u s t r y f o r many y e a r s . P h a r m a c e u t i c a l 
c o m p a n i e s , f o r examp l e , c o n s i d e r t h e m e c h a n i c a l s t r e n g t h 
o f m e d i c i n a l t a b l e t s t o be an i m p o r t a n t p r o p e r t y . (1) 

W i t h t h e d e v e l o p m e n t o f c a t a l y t i c p r o c e s s e s s u c h as 
r e f o r m i n g , h y d r o c r a c k i n g and h y d r o t r e a t i n g , w h i c h 
u t i l i z e f o r m e d p a r t i c l e s , s i n g l e p e l l e t c r u s h s t r e n g t h 
t e s t s were d e v i s e d by t h e m a n u f a c t u r e r s and u s e r s o f 
s u c h c a t a l y s t s . T h e s e t e s t s were d e v e l o p e d i n o r d e r t o 
d e t e r m i n e t h e a b i l i t y o f t h e c a t a l y s t p a r t i c l e s t o 
m a i n t a i n i n t e g r i t y d u r i n g use i n c a t a l y t i c r e a c t o r s . (2) 

Due t o v a r i a t i o n s i n s a m p l i n g p r o c e d u r e s , 
i n s t r u m e n t a t i o n , t e s t methods and p r e t r e a t m e n t 
c o n d i t i o n s , t h e r e has been g r e a t d i f f i c u l t y i n o b t a i n i n g 
a g r e e m e n t among t h e t e s t s p e r f o r m e d i n d i f f e r e n t 
l a b o r a t o r i e s . (2) 

ASTM Committee D-32 on C a t a l y s t s was o r g a n i z e d i n 
o r d e r t o s t a n d a r d i z e c a t a l y s t t e s t i n g and a Task Group 
began w o r k i n g on s i n g l e p e l l e t c r u s h methods w i t h t h e 
f o r m a t i o n o f t h e c o m m i t t e e . 

Two r o u n d r o b i n t e s t i n g p r o g r a m s were c a r r i e d o u t 
u s i n g s p h e r e s , t a b l e t s and e x t r u d a t e s . T e s t i n g 
c o n d i t i o n s were c o n t r o l l e d i n o r d e r t o m i n i m i z e 
i n t e r - l a b o r a t o r y v a r i a t i o n s ; however, t h e use o f 

Chairman of ASTM D32.02 Subcommittee on Physical-Mechanical Properties of ASTM D-32 
Committee on Catalysts. Mailing address: 66 Emerson Avenue, Apt. B 18, Wall, NJ 07719 
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408 CHARACTERIZATION AND CATALYST DEVELOPMENT 

i d e n t i c a l crush t e s t instruments was not r e q u i r e d . 
Test equipment used i n c l u d e d load c e l l hardness t e s t e r s , 
in-house designed computer operated systems and 
commercial crush t e s t apparatus. Representative samples 
were provided and a t e s t p o r t i o n of 50 to 200 p e l l e t s 
was obtained by r i f f l i n g or s p l i t t i n g . The samples were 
then heated at 400°C f o r 3 hours and cooled i n a 
d e s i c c a t o r , s i n c e moisture a b s o r p t i o n by hygroscopic 
c a t a l y t i c m a t e r i a l s has been shown to a f f e c t 
c r u s h i n g s t r e n g t h . (3) 

The compression t e s t i n g device was r e q u i r e d to have 
a c a l i b r a t e d gauge and a system that provided a uniform 
rate of f o r c e a p p l i c a t i o n i n the range of 1 to 10 l b f / s . 

The s i n g l e c a t a l y s t p e l l e t s of spheres and t a b l e t s 
(in r a d i a l o r i e n t a t i o n ) were pla c e d between the f l a t 
a n v i l s of the compression t e s t i n g instrument by use of 
tweezers or other s u i t a b l e d e v i c e . Force was then 
a p p l i e d at a uniform r a t e i n the range of 1 to 10 l b f / s 
u n t i l the p e l l e t s crushed or c o l l a p s e d . When a l l the 
p e l l e t s i n the sample were t e s t e d , the average crush 
s t r e n g t h , standard d e v i a t i o n and 80% spread were 
r e p o r t e d . The 80% spread was d e f i n e d as the range i n 
which 80% of the i n d i v i d u a l p e l l e t s trengths are 
expected to f a l l , assuming that i n d i v i d u a l p e l l e t s form 
a normal d i s t r i b u t i o n . 

R e s ults of the second round r o b i n t e s t i n g of spheres 
and t a b l e t s are shown i n Tables I and I I . These data 
are i n c l u d e d i n ASTM Research Report Number 1004 f o r 
Standard Test Method D-4179 f o r S i n g l e P e l l e t Crush 
Strength of Formed C a t a l y s t Shapes. 

Table I. Product C h a r a c t e r i s t i c s ( l b s . force) 

Test Mean Within-Sample V a r i a t i o n 
Sample Crush 

Strength(1) 
Std. Dev.(2) 

T y p i c a l 80% 
Spread(3) 

1/8" Spheres 
(EAS-480) 19.27 6.75 10.6 to 27.9 

1/8" T a b l e t s 
(GSAT-480) 16.43 5 . 38 9.5 to 23.3 

(1) Mean of 6 t e s t s each by 6 l a b o r a t o r i e s . 

(2) Average value of the within-sample standard 
d e v i a t i o n (S.D.) of the 36 t e s t s . 

(3) Based on: Mean Strength + 1.28 S.D. w i t h i n sample. 
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37. BRIENZA Single-Pellet Crush Strength 

Table I I . Test P r e c i s i o n ( l b s . force) 

409 

Within a Laboratory 
95% R e l i a 
b i l i t y of 
Mean of 

Test Sample 100 Pes.(1) 

1/8" Spheres 
(EAS-480) 

1/8" T a b l e t s 
(GSAT-480) 

+ 1.40 

95% O v e r a l l 
R e p e a t a b i l i t y ( 2 ) 

+ 1.47 

Between Labs 
95% Spread 

of 
Laboratory 
Means 

+ 1.15 (4) 

+ 1.13 + 1.34 + 1.97 

1) C a l c u l a t e d as +1.96 x S.D. within-sample t V l O O 

2) Includes R e l i a b i l i t y of Mean of 100 p i e c e s , plus 
within-day and day-to-day l a b o r a t o r y v a r i a t i o n . 

3) C a l c u l a t e d as +1.96 x S.D. of l a b o r a t o r y means 
around grand mean of a l l l a b o r a t o r i e s . 

4) Based on c l a s s i f y i n g one of the 6 r e p o r t i n g 
l a b o r a t o r i e s as an o u t l i e r . For a l l 6 l a b o r a t o r i e s 
the f i g u r e here was +5.56. 

Standard D-4179 s p e c i f i c a l l y excludes the t e s t i n g of 
granular m a t e r i a l s , other i r r e g u l a r shapes and 
ext r u d a t e s . I t was never planned to i n c l u d e i r r e g u l a r l y 
shaped m a t e r i a l s w i t h i n the scope of a s i n g l e p e l l e t 
crush t e s t method; however, extrudate t e s t i n g was 
in c l u d e d i n the o r i g i n a l procedure. This was done by 
modifying one of the f l a t a n v i l s to form a 0.125 i n . bar 
shaped cross s e c t i o n on the a n v i l and r e p o r t i n g r e s u l t s 
as lbf/0.125 i n . (Figure 1) 

The i n t e r l a b o r a t o r y p r e c i s i o n f o r extrudate crush 
s t r e n g t h t e s t i n g was so poor i n both of the round 
r o b i n s , that i t was decided to p u b l i s h the method f o r 
r e g u l a r shapes only, and have the task group continue to 
work to improve extrudate t e s t i n g . 

A subsequent round r o b i n , using three extruded 
alumina samples, showed not only m u l t i - l a b e r r o r but 
poor w i t h i n - l a b r e p r o d u c i b i l i t y as w e l l (Table I I I ) . 

The p a r t i c i p a t i n g l a b o r a t o r i e s then responded to a 
d e t a i l e d q u e s t i o n n a i r e r e g a r d i n g exact t e s t 
methodology. I t was di s c o v e r e d that three l a b o r a t o r i e s 
were using t e s t i n g p r a c t i c e s o u t s i d e the method. Two of 
the labs were withdrawn from the round r o b i n , one 
because the fo r c e a p p l i c a t i o n d i d not comply with the 
procedure requirements and a second because sample 
exposure was too long and t e s t i n g was not repeated. The 
t h i r d l a b o r a t o r y repeated the t e s t using the c o r r e c t 
f o r c e a p p l i c a t i o n and data from an a d d i t i o n a l lab were 
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410 CHARACTERIZATION AND CATALYST DEVELOPMENT 

V 
0.125" or 3.18 mm-

Y 

: A 

Figure 1. Method of t e s t f o r r a d i a l crush s t r e n g t h 
of extruded c a t a l y s t shapes. 

Table I I I . Extrudate R a d i a l Crush Strength 

Extrudate 
Designat ion 

M-9 

Lab l b f % of X 

K-6 

l b f % of X 

J-5 

l b f % of X 

Within 
sample 
var i a t ion 
(+ 2S) 

TOTAL 
WITHIN 
LAB 
ERROR 
(+ 2S) 

B +.21 

D +.15 

F +.37 

J +. 39 

E +.59 

Avg 

B +. 33 

D +.97 

F +1.82 

J +2.00 

E +3.50 

Avg 
MULTI-
LAB 
ERROR 

+ 4 .6% 

+ 2 . 3% 

+ 5.0% 

+ 4 . 3% 

+ 5 . 2% 

+ 4.3% 

+ 7 . 2% 

+15.1% 

+24.9% 

+22.3% 

+30.9% 

+20.1% 

+69.3% 

+ .90 

+ . 75 

+ 1 .22 

+ 1 .41 

+ 1 . 45 

+ 2 .67 

+ 1.92 

+ 2 .55 

+ 2 .05 

+ 2.42 

+5.5% +.43 

+3.8% +.34 

+6.2% +.65 

+5.1% +.81 

+5.5% +.92 

+ 5 . 2% 

+16.4% +.98 

+9.6% +.90 

+13.1% +.82 

+ 7 .4% +1.30 

+ 9 .2% +2.58 

+11.1% 

+45.3% 

+ 5.6% 

+ 3 . 7% 

+ 6.3% 

+ 5.6% 

+ 5.6% 

+ 5 . 4% 

+12.9% 

+ 9.6% 

+ 8.1% 

+ 8 . 9% 

+15.8% 

+ 11 . 1% 

+64.6% 
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37. BRIENZA Single-Pellet Crush Strength 411 

a d d e d . ( T a b l e I V ) . The r e v i s i o n s s i g n i f i c a n t l y r e d u c e d 
t h e d i f f e r e n c e s among l a b o r a t o r i e s , h o w e v e r , t h e r e s u l t s 
r e m a i n e d u n s a t i s f a c t o r y . 

The T a sk Group t h e n d e c i d e d t o c o n d u c t a r o u n d r o b i n 
u s i n g p e n c i l l e a d s i n an a t t e m p t t o e s t a b l i s h a 
n o n - h y g r o s c o p i c ( a l b e i t n o n - c a t a l y t i c ) s t a n d a r d . 

R e s u l t s o f t h i s r o u n d r o b i n ( e x c l u d i n g l a b o r a t o r i e s 
u s i n g o t h e r t h a n 0.125 i n . a n v i l s ) , shown i n T a b l e V, 
s t i l l d e m o n s t r a t e a l e s s t h a n s a t i s f a c t o r y i n t e r -
l a b o r a t o r y v a r i a t i o n i n c r u s h r e s u l t s among n i n e 
l a b o r a t o r i e s u s i n g d i f f e r e n t p i e c e s o f c r u s h s t r e n g t h 
a p p a r a t u s . I n a d d i t i o n , one o f t h e l a b o r a t o r i e s 
c o n d u c t e d e x p e r i m e n t s w h i c h i n d i c a t e d m o i s t u r e 

T a b l e I V . E x t r u d a t e R a d i a l C r u s h S t r e n g t h 

Summary o f R e v i s e d R e s u l t s 

E x t r u d a t e 
D e s i g n a t i o n 

100 
W i t h i n 
Sample 
V a r i a t i o n 
(+ 2S) 

TOTAL 
WITHIN 
LAB 
ERROR 
( + 2S) 

M-9 

LAB l b f % OF X 

D +.15 +2.3% 

F +.37 +5.0% 

J +.39 +4.4% 

I +.44 +5.6% 

G +.35 +4.1% 

Avg +.34 +4.28% 

D +.97 +15.1% 

F +1.82 +24.9% 

J + 2 . 0 0 + 2 2 . 6 % 

I +0.96 +12.4% 

G +2.08 +24.7% 

K_ 

l b f 

+ . 75 

+ 1.22 

+ 1.41 

+ 1 . 49 

+ 1.22 

+ 1 . 22 

+ 1 .92 

+ 2 .55 

+ 2 . 05 

+ 2 .63 

+ 5 . 06 

J5 

% OF X 

+ 3.8% 

+ 6.2% 

+ 6.0% 

+ 6 . 0% 

+ 5 . 3% 

J-5 

l b f % OF X 

+.34 +3.7% 

+.65 +6.3% 

+.81 +5.8% 

+.77 +6.2% 

+.70 +5.7% 

LAB-TO-
LAB 
DIFFERENCES 

Avg +19.9% 

+20.9% 

+5.46% 

+ 9 . 6% 

+13.1% 

+ 8 . 7% 

+10.6% 

+22.4% 

+13.6% 

+19.2% 

+.65 +5.5% 

+.90 +9.6% 

+.8 2 +8.1% 

+1.30 +9.3% 

+1.37 +11.0% 

+3.58 +27.8% 

+13.2% 

+31.8% 

MULTI-LAB 
ERROR +28.8% +23.5% +34.5% 
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412 CHARACTERIZATION AND CATALYST DEVELOPMENT 

T a b l e V. C r u s h S t r e n g t h Round R o b i n 
T e s t on P e n c i l L e a d s 

1. G r a n d A v e r a g e and Mean S t a n d a r d D e v i a t i o n s 

LABORA- PENCIL LEAD: PENCIL LEAD: PENCIL LEAD: 
TORY B SOFT TYPE R HB MEDIUM TYPE R H MED HARDTYPE R 
CODES GRAND MEAN GRAND MEAN GRAND MEAN 

AVE STD. AVE STD. AVE STD. 
(X) DEV. (X) DEV. (X) DEV. 

l b f . l b f . l b f . 

A 10. 73 2. 09 11 . 92 2 . 00 16. 53 3 . 25 

B 10.76 0.48 10.78 0.48 14.18 0.638 

C 11.39 0.77 11.89 0.87 15.71 1.44 

D 14.00 0.92 15.47 1.40 20.87 2.34 

F 13.12 1.83 14.06 1.46 16.95 2.54 

G 10.07 1.16 10.53 1.09 13.45 1.63 

H 11.39 1.40 12.46 1.44 15.62 2.15 

I 14.07 1.43 15.23 1.30 20.40 2.48 

J 13.78 1.75 14.20 1.67 18.85 3.410 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 3

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

k-
19

89
-0

41
1.

ch
03

7



37. BRIENZA Single-Pellet Crush Strength 413 

a b s o r p t i o n by t h e p e n c i l l e a d s , s i n c e c r u s h i n g s t r e n g t h 
i n c r e a s e d a f t e r d r y i n g f o r 3 h o u r s a t 100*C. 

A t a s u b s e q u e n t m e e t i n g o f ASTM D-32 C o m m i t t e e on 
C a t a l y s t s , t h e Task Group d e c i d e d t o r e v i s e t h e 
e x t r u d a t e t e s t p r o c e d u r e t o e x c l u d e t h e use o f t h e 0.125 
i n . a n v i l . I n s t e a d , a p r o c e d u r e u s e d i n t h e 
l a b o r a t o r i e s o f s e v e r a l members o f t h e g r o u p , i n w h i c h 
e x t r u d a t e p a r t i c l e s a r e m e a s u r e d f o r l e n g t h and c r u s h e d 
b e t w e e n f l a t a n v i l s , w i l l be a d o p t e d . I n a d d i t i o n , t h e 
method w i l l i n c l u d e t h e use o f a f l o w o f d r y n i t r o g e n 
o v e r t h e p a r t i c l e s d u r i n g t h e t e s t . T h i s a l t e r n a t e 
p r o c e d u r e w i l l t e s t t h e v a l i d i t y o f t h e g r o u p ' s 
a s s u m p t i o n t h a t t h e two main c a u s e s o f d i f f e r e n c e s i n 
t e s t r e s u l t s a r e t h e v a r i a t i o n s c a u s e d by t h e a n v i l and 
by m o i s t u r e a b s o r p t i o n . 

An a d d i t i o n a l r o u n d r o b i n , u t i l i z i n g s e v e r a l 
v a r i e t i e s o f e x t r u d e d a l u m i n a w i l l be c a r r i e d o u t . 

C o n e l u s i o n 

A t e s t method f o r s i n g l e p e l l e t c r u s h t e s t i n g o f 
c a t a l y t i c s p h e r e s and t a b l e t s was d e v e l o p e d by ASTM 
C o m m i t t e e D-32 on C a t a l y s t s . A p r o c e d u r e f o r t h e s i n g l e 
p e l l e t c r u s h s t r e n g t h o f e x t r u d a t e s t h a t g i v e s 
s a t i s f a c t o r y i n t e r l a b o r a t o r y v a r i a t i o n i s y e t t o be 
a t t a i n e d . An a l t e r n a t e method w i l l t e s t t h e a s s u m p t i o n 
t h a t t h e i n t e r l a b o r a t o r y v a r i a t i o n s , s e e n i n a l l r o u n d 
r o b i n s , were c a u s e d by m o i s t u r e a b s o r p t i o n d u r i n g 
t e s t i n g and t h e use o f a s p e c i a l i z e d a n v i l i n t h e t e s t 
i n s t r u m e n t . 

A c k n o w l e d g m e n t s 

L a b o r a t o r i e s p a r t i c i p a t i n g i n t h e s e s t u d i e s i n c l u d e 
A l l i e d - S i g n a l E n g i n e e r e d M a t e r i a l s R e s e a r c h C e n t e r , A k z o 
Chemie, S h e l l , M o n s a n t o , E x x o n , H a l d o r - T o p s o e , U n i o n 
C a r b i d e , M a 1 1 i n c k r o d t , N o r t o n , G e n e r a l M o t o r s , W. 
R. G r a c e , E n g e l h a r d , A m e r i c a n C y a n a m i d , C r i t e r i o n , A r c o , 
U n i t e d C a t a l y s t , A s h l a n d , F i l t r o l , G u l f , A i r P r o d u c t s , 
and Amoco. 
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Chapter 38 

Attrition- and Metal-Resistant Fluid 
Cracking Catalyst Prepared with Alumina 

Powder in the Matrix 

L . A. Pedersen1, J . A. Lowe, and C. K. Matocha, Sr. 

Alcoa Laboratories, Aluminum Company of America, 
Alcoa Center, PA 15069 

Slurry rheological measurements, fluidized bed attrition studies, and 
microactivity tests (MAT) were used to evaluate fluid cracking catalyst 
formulations containing Alcoa's rehydration bondable CP alumina 
powder. When process variables, including viscosity, pH, batch 
holding time, and alumina particle size, are controlled, spray dried 
material incorporating CP alumina is more attrition resistant than an 
alumina-free reference. Macrostructure of the spheres is more uniform 
than that of some commercial catalysts. MAT results for the catalytic 
cracking of gas oil show that the ReY based catalyst has about 81 v/o 
conversion before and 54 v/o after Ni+V poisoning. This contrasts 
with values of 78 and 34 for the reference catalyst without the alumina. 
Before poisoning, selectivity for the gasoline fraction is comparable to 
a commercial catalyst. 

Recent literature shows a growing trend to include free alumina in the formulation of 
fluid catalytic cracking (FCC) products. Over the last dozen years, FCC catalysts 
containing free alumina have been cited in the open and patent literature for benefits 
including: (1) enhanced catalyst reactivity and selectivity 0-3), (2) more robust 
operation in the presence of metals in the petroleum feedstock (4-7), (3) improved 
attrition resistance (8,9), (4) improved hydrothermal stability against steam 
deactivation during regeneration (2,8), (5) increased pore volume and decreased bulk 
density (8), and (6) reduction of S O x emissions (10). 

Alumina promoted FCC catalysts are commercially viable if, and only if, the 
alumina component produces the desired properties without detrimentally affecting 
the attrition resistance and the cracking activity of the finished catalyst particle. 
Previous work (8,9,11) indicated that attrition resistant catalysts containing alumina 
could be formed only if a highly dispersed, pseudoboehmitic alumina was used. Other 
studies have demonstrated catalytic performance improvement without determining 
the attrition character of the catalyst (1-7). 

Research into the properties and applications of Alcoa's rehydration bondable 
alumina powders (CP series) has been reported (12-14). The objective of this study 
was to determine if rehydration bondable aluminas could be successfully incorporated 
in the matrix of a conventionally formulated FCC catalyst. Success was based on 
meeting three criteria. First, addition of the alumina would not inhibit the fabrication 
of well-formed microspheres with diameters typical for FCC catalyst particles. 

Current address: Saint Vincent College, Latrobe, PA 15650 

0097-6156/89/0411-0414S06.00/0 
© 1989 American Chemical Society 
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38. PEDERSEN ET AL. Attrition- and Metal-Resistant FCC Catalyst 415 
Second, the alumina would not cause a serious deterioration of the attrition resistance 
of the microspheres. Third, the alumina-containing material had to have reasonable 
cracking activity as measured by conversion and product selectivity. 

To achieve these criteria, we needed to establish standard processing and 
characterization procedures for FCC catalysts. In particular, a process for making 
microspheres of controlled size distribution and shape, independent of composition, 
had to be defined. Also, an approach for obtaining the intrinsic attrition rate of 
commercial grade and experimental catalysts had to be adapted from a method for 
alumina. This paper describes these methods and shows that the substitution of CP 
alumina for part of the clay in a commercially viable FCC formulation can improve 
attrition behavior and enhance catalytic activity, especially in the presence of Ni+V 
poisoning. 

Experimental 

Catalyst Formulation. The experimental samples were prepared following the method 
of Ostermaier and Elliott (15) and comprise two groups: (1) alumina-free reference 
catalysts, and (2) alumina-added catalysts. The reference catalysts contained about 2 
wt% AI2O3 as a result of buffering the hydrosol with acid alum. Group 1 materials 
were formulated to contain 17 wt% Y zeolite, 18 wt% Si0 2 , 2 wt% A1 2 0 3 , and 63 
wt% kaolin clay. Group 2 samples were prepared with a CP-x transition alumina or 
commercial pseudoboehmite additive and contain 20 wt% added AI2O3 in place of a 
portion of the kaolin clay. Group 2 samples are identified as CP-formulated or 
pseudoboehmite-formulated catalysts. The CP-x alumina additives (x is the median 
particle size in microns) are X-ray indifferent, rehydration bondable powders 
produced by the Aluminum Company of America. (CP-25 was obtained by air 
classifying CP-100). The commercial pseudoboehmite was obtained from Vista 
Chemicals. 

Catalyst Preparation. A silica sol was prepared by blending sodium silicate (Diamond 
Shamrock Grade 40) and acid alum in a high shear, in-line mixer. Then, a 0.4 Jim 
kaolin clay (Thiele RC-32) was dispersed in the vigorously agitated, fresh sol by 
gradual addition of the solid. Next, the Y zeolite and (optional) free alumina were 
added as acid dispersions. We used sodium Y zeolite (PQ Valfor CP300-66), prepared 
as a 16 wt%, pH 4 slurry, for attrition samples. MAT test samples were prepared with 
the same zeolite after 68% of its sodium was exchanged with LaCl 3 . The alumina 
additives were prepared by dispersing the solids at 12.5 wt% in H 2 S 0 4 water at pH 4. 
Addition of the clay, zeolite, and free alumina resulted in pH 3 spray dryer feed at 20 
wt% solids. The slurry was pumped to a 7 ft diameter Bowen rotary atomized spray 
dryer. Disc velocity, feed rate, and temperature were adjusted for 60-80 urn average 
particle diameter spheres. The spray dryer product was slurried at 10 wt% in hot 
water, decanted, reslurried, and aged at 80°C for 1 h. Ammonium hydroxide was 
added as needed to maintain the reslurry at pH 5. The hot water aged solids were 
filtered, rinsed, and oven dried. 

Catalyst Characterization. Particle size distributions of oven dried products were 
determined with a Microtrac Particle Size Analyzer. PH, PM, and PS are the 
diameters corresponding to the 90th, 50th, and 10th percentiles, respectively, on the 
distribution curve. Particle microstructures were obtained with an ISI-SX-40 scanning 
electron microscope. 

Attrition Measurement. 
Apparatus. The Attrition Index Analyzer (AIA) is shown in Figure 1. The 

instrument, a modification of the Forsythe and Hertwig design (16), was developed at 
Alcoa Laboratories to improve and standardize, within Alcoa, the measurement of 
attrition resistance for calcined and hydrate aluminas. The instrument and test 
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416 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 1. A t t r i t i o n index a n a l y z e r . 
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38. PEDERSEN ET AL. Attrition- and Metal-Resistant FCC Catalyst 417 

procedure are unique in that both attrition and elutriation character can be 
investigated. The Elutriation Profile characterizes the generation of the material 
transported into the collector with time. Because of its small particle size (95% <20 
|im for calcined alumina) material collected is often referred to as dust. The two-stage 
column has a traditional 1.00-inch diameter attrition zone followed by a 1.50-inch 
diameter elutriation zone. Wall effects are minimized because the stainless steel tube 
is honed to a smooth finish, the tube is grounded to reduce electrostatic charge, and 
the column is automatically rapped during the test to dislodge particles which still 
accumulate on the wall of the tube. The development and use of the AIA instrument 
with alumina samples have been previously presented (17,18). 

Sample Reparation. Seventy grams of sample, previously calcined at 538°C, 
was dispersed in about 125 mL of sodium metaphosphate solution and "wet screened" 
using a sieve stack of 250, 270 and 325 mesh, 8-inch diameter sieves. The sieves 
were washed with water until the effluent was free of any particulate and then rinsed 
with acetone to de-water. After air drying, the contents of each sieve were transferred 
to a porcelain dish and the material was recalcined at 538°C. Appropriate weights 
taken during this procedure allowed for the determination of percent moisture in the 
starting material and sieve analysis relative to the appropriate sieve fractions. The 
total +325 mesh material was recombined and mixed for the test. 

Measurement. The operating parameters for the tests on commercial and 
experimental FCC catalysts are summarized in Table I. 

Table I. Attrition Test Operating Parameters 

Test Constant Value 

Sample 

Attriting/Media 
Flow Rate 

Attrition Tube 
Material 
Reaction Zone 
Expansion Zone 

Orifice, diameter 

Time 

Rapping 

Elutriated Fines 

40.0 g 
+325 mesh 
Calcined at 538°C 

Air, 70 psig 
13.7 scfh (760 mm Hg, 0°C) 

Two-staged, 60.0 in 
Stainless steel, honed bore 
1.00-in i.d.X30-in 
1.50-in i.d.X30-in 

0.0150-in 

90 min, interrupted each 
15 min for Response Curve 

One-second on one min cycle 

Trapped and removed by Collector 

The Elutriation Profile requires determination of the increase in the collector 
weight with time. To provide this information, the test is stopped at 15 minute 
intervals, the dust is allowed to settle, and the collector assembly is removed, 
weighed, and then repositioned. The test is continued for an accumulated attrition 
time of 90 minutes. After the last interval measurements, the total weight of the 
material collected is determined. The portion remaining inside the column, the bed 
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418 CHARACTERIZATION AND CATALYST DEVELOPMENT 

material, is also removed and weighed. A Ro-Tap sieve analysis is performed on this 
latter fraction using a sieve nest having the following mesh sizes: 150, 170, 200, 250, 
270, and 325. The weight of the material in the collector is added to the weight of the 
-325 mesh fraction from the Ro-Tap analysis. The increase in the -325 mesh fraction 
due to attrition is divided by the weight of the +325 mesh material charged to the 
column and normalized for 60 minutes. This value is reported as the Attrition Index, 
A L The standard deviation of this determination is 0.1 for samples with A l <12. 
Response Curves for the Elutriation Profile are generated by plotting the increase in 
collector weight for each 15 minute interval of the 90 minute test. 

Catalytic Cracking Test. A standard microactivity test (MAT) was used to evaluate 
the conversion and selectivity of catalyst samples. The tests were done at the 
University of Pittsburgh's Applied Research Center (former Gulf Research 
Laboratory), a qualified laboratory for MAT evaluations. A standard method, 
developed by Gulf, was used without modification. A Cincinnati gas oil was cracked 
under the following conditions: cat/oil=3, 16 h 1 WHSV, and 516°C. Prior to charging 
the reactor, all samples underwent a standard thermal pretreatment. Solids were first 
heat shocked for 1 h at 593°C. Next, selected materials were impregnated with 3000 
ppm Ni and 6000 ppm V, as naphthenates. Then all samples were calcined for 10 h at 
538°C. Finally, each material was steamed at 732°C for 14 h in a fluidized bed to 
produce a catalyst in a simulated equilibrium state. 

Results and Discussion 

Microsphere Formation. Because the microspheres were fabricated using a batch 
process, we monitored the viscosity and pH of the catalyst slurry as it aged. Figure 2 
shows that the viscosity of the slurry was dependent on both the age of the slurry and 
the additive type. The reference formula was stable for 3 h, but the CP-alumina and 
pseudoboehmite formulations thickened or gelled in the same time period. A typical 
batch starting at pH 3.0 increased to about pH 3.3 before the onset of thickening 
(about 100 cP). For CP formulations, the onset of thickening may be related to the 
median particle size of the powder. 

We believe the effect of alumina additives on catalyst slurry viscosity is 
associated with the surface reactivity of the additive. OH" is a catalyst for 
polymerization and Si-O-Si bonding of uncondensed silanols; higher pH promotes 
conversion to a solid phase consisting of discrete silica particles (19). Ostermaier and 
Elliott (15) suggest that pH be carefully controlled at a value less than 3.5, or 
thickening occurs in the alumina-free reference formula. 

Once the conditions for making a processible catalyst slurry were established, 
microspheres were generated using the reference formula with and without the 
different alumina powders. Table II summarizes particle size distributions for typical 
commercial FCC and our experimental catalysts. Two commercial samples (Catalysts 
V and VI) had particle sizes much higher than we could produce with our spray dryer. 
However, the size distributions of the experimental catalysts approximate those of the 
other four commercial grades. 

Figures 3 and 4 illustrate the particle size distribution and shape of the 
commercial and experimental microspheres, respectively. In Figure 3, the 100X SEM 
micrographs demonstrate that a wide range of particle shape and size occur in the 
commercial materials. The variation in fines content, evident in these photographs, 
led us to develop an attrition method that was independent of the initial fines content. 
The experimental products in Figure 4 show a higher degree of sphericity and size 
uniformity than the commercial samples. Hence, the structure and quality of our 
microspheres did approximate known FCC catalysts. Also, no significant difference 
existed between alumina-containing and alumina-free particles. With these results, 
the first criterion for success was met. 
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Figure 2 . E f f e c t of a d d i t i v e on v i s c o s i t y 
of the c a t a l y s t s l u r r y . 
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420 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 3. Commercial FCC c a t a l y s t s at 100X. 
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38. PEDERSENETAL. Attrition- and Metal-Resistant FCC Catalyst 421 

Figure 4. Experimental FCC c a t a l y s t s at 100X. 
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422 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table II. Particle Size Distributions of Catalyst Samples 

Particle Size, Jim 

Catalyst 
PH 

(90%<) 
PM 

(50%<) 
PS 

(10%<) 

Commercial Samples 
Catalyst I 
Catalyst II 
Catalyst III 
Catalyst IV 
Catalyst V 
Catalyst VI 

132 
122 
130 
125 
183 
179 

72 
64 
82 
70 
91 
94 

37 
23 
48 
38 
45 
42 

Experimental Samples 
Reference (1) 
Reference (4) 

101 
136 
113 
128 
104 
117 
103 

61 
81 
68 
74 
65 
68 
63 

34 
45 
39 
43 
36 
41 
34 

CP-2 (1) 
CP-2 (4) 
CP-5 (1) 
CP-25 (1) 
Pseudoboehmite (1) 

() Hours silica sol aged. 

Attrition. To demonstrate acceptable attrition resistance of various catalysts, it is 
desirable to compensate for the variations in fine particle content of the samples. 
Forsythe and Hertwig empirically compensated for this dilution effect by reporting the 
increase in the -325 mesh material relative to the +325 mesh content of the starting 
material (16): most adaptations of their procedure do likewise (20). We suggest that a 
more universal and discriminating test for specifically evaluating attrition resistance is 
obtained by removal of the -325 mesh material prior to the test. A "wet sieve" 
procedure to remove the -325 mesh material prior to testing was adapted. The test, 
therefore, measured the intrinsic attrition resistance of the sample, thus allowing direct 
comparison. 

The cumulative weight increases in the collector for the "15-Minute" intervals 
were used to construct a Response Curve for the generation of fines due to attrition. 
The Response Curve is a plot of time as the abscissa and the corresponding percent 
collector fines as the ordinate. The Response Curve concept was introduced and 
discussed in reference 18. Three types of Response Curves have been identified for 
alumina: 

Type 1 ~ An initial rapid increase in Collector weight followed by a period in 
which the attrition and removal remain constant for the period of interest. 

Type 2 — A linear response in which the attrition and removal remain constant for 
the period of interest. 

Type 3-- A slow increase at the start before the attrition and removal become 
constant for the period of interest. 

Type 3 Response Curves are typical of samples that have a low fines content 
and/or spherical particles that attrit at a rate represented by the slope of the near linear 
region. Since the -325 mesh fraction was removed, Type 3 Response Curves were 
anticipated. 
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38. PEDERSENETAL. Attrition- and Metal-Resistant FCC Catalyst 423 

Response Curves for two commercial and three experimental catalysts are shown 
in Figure 5. Inspection shows that the period of near linear response was from 45 
through 75 minutes. This linear response appears to be associated with a period when 
the dynamics of the bed are in equilibrium. This behavior demonstrates that the 
maximum attrition time for this class of samples could be reduced to 75 minutes. The 
shape of the Response Curve and the rate the collector fines were generated (as 
represented by the slope of the near linear portion) have the potential to be correlated 
with the catalyst makeup rate in commercial applications. 

The data in Figure 5 can be examined from three viewpoints. First, the curves of 
the Reference and CP-2 samples resemble that of a commercial material (Catalyst I) 
that has a low Attrition Index (5.3). Second, the CP-2 curve rises at a slower rate than 
the Reference. This indicates more attrition resistance in the CP-2 alumina formula. 
Finally, the pseudoboehmite formula produced fines much more rapidly than the CP-2 
product. These findings suggest that the rehydratable alumina is a superior binder for 
some FCC formulations. 

The effect of catalyst slurry and sol age time on the Attrition Indexes of the CP-
formulated samples is seen in Table III. There is a trend toward greater attrition as the 
batch holding time increases for both CP-2 products. Concomitantly, the viscosity 
range becomes higher, as was observed previously. CP-5 also appears to lose attrition 
resistance as the age and viscosity of the slurry advance. On the other hand, the 
holding time does not impact the CP-25 Attrition Index . The CP-2(4) material, made 
with a sol aged 4 hours, exhibits lower A l values, and, perhaps, a longer useful batch 
lifetime. 

Table III. Effect of Processing Conditions on Attritability of 
CP-Formulated Catalyst 

Additive Batch Age, min Viscosity, cP 
Attrition 

Index 

CP-2 (1) 0-15 30-50 5.2 
15-45 fl50-200 11.7 

110-140 fl400-500 14.5 

CP-2 (4) 0-35 20-30 3.5 
35-70 30-60 6.8 
70-95 60-230 12.7 

CP-5 (1) 0-45 40-80 8.8 
45-70 80-1440 12.9 

CP-25 (1) 0-45 30-50 10.7 
85-115 140-920 10.3 

() Hours silica sol aged. 
a Acid added. 

When the slurry ages, the pH rises, and, consequently, the viscosity rapidly 
elevates, there appears to be a breakdown in the mechanism that binds the solid 
particles in the silica matrix. With a well-developed sol, this behavior is more 
controllable. We believe that, at longer aging times, the microgel development 
proceeds by mechanisms more favorable to a finely textured, fibrillar structure (19). 
Hence, catalysts bound with this gel are more attrition resistant. We suggest that the 
dependence of attrition on slurry age/viscosity may be a consequence of an inhibition 
to forming a strong matrix. The most important conclusion that can be drawn from 
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424 CHARACTERIZATION AND CATALYST DEVELOPMENT 

the data in Table III is that slurry viscosities must be kept low to have low attrition, 
CP-formulated products. This observation is independent of particle size. This 
condition can easily be achieved with a continuous process where slurry age and pH 
are controlled. 

The trend to improved attrition resistance as the CP particle size decreases is 
illustrated in Figure 6. The bar graph plots the A l against median particle diameter of 
the aluminas. We suspect that CP-2 offers the most binding sites per unit volume of 
particles. Also, there are more nuclei of CP-2 than CP-25 in equivalent slurry 
volumes. Consequently, more surface functionality is available for condensation of 
the polysilicic acid moieties and the CP-2 material is the least attritable. 

Table IV gives the Attrition Indexes for the commercial and experimental 
samples. These values are reported for microspheres that were spray dried before the 
viscosity of the slurry exceeded 100 cP. The data show, again, that sol age and 
particle size of the CP alumina affect attrition. Sol age also seems to reduce the 
influence of the CP-2 as a binder. The Reference (4) has an A l of about 3 which is 
comparable to the index for CP-2(4). The important point here is that the alumina 
particles can be incorporated into a standard FCC formula to change catalytic activity 
without a detrimental effect on attrition resistance. 

Table IV. Attrition Indexes of Catalyst Samples 

Attrition 
Catalyst Index 

Commercial Samples 
Catalyst I 5.3 
Catalyst II 9.2 
Catalyst III 9.1 
Catalyst IV 11.0 
Catalyst V 11.1 
Catalyst VI 4.6 

Experimental Samples 
Reference (1) 6.9 
Reference (4) 3.0 
CP-2(1) 5.2 
CP-2 (4) 3.5 
CP-5 (1) 8.8 
CP-25 (1) 10.7 
Pseudoboehmite (1) 

() Hours silica sol aged. 
a Could not be quantified by this test. 

The friability of the pseudoboehmite-formulated material is illustrated in Figure 
7, which gives the 100X and 400X views for (a) the freshly spray dried product and 
(b) the product after 10 bed volumes of water were filtered through the sample. 
Severe cracking of the microspheres, which are already flawed as seen in (a), is 
induced by a less rigorous procedure than was routinely used to process spray dried 
particles and to prepare the attrition specimen. These photographs support the 
conclusion that the addition of pseudoboehmite, under the same conditions used for 
CP alumina, weakened the matrix. Although this contrasts with the Filtrol findings 
(7.8.11). the basic FCC formulation for this work was quite different from Filtrol's. 
There is little doubt that the specific chemistry of the catalyst synthesis significantly 
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38. PEDERSEN ET AL. Attrition- and Metal-Resistant FCC Catalyst 425 

Figure 5. T y p i c a l response curves f o r commercial 
and experimental FCC c a t a l y s t s . 

12 

Figure 6. FCC a t t r i t i o n index vs p a r t i c l e s i z e 
of CP alumina a d d i t i v e . 
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426 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Figure 7. Microspheres w i t h pseudoboehmite 
a d d i t i v e at 100X and 400X . 
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38. PEDERSEN ET AL. Attrition- and Metal-Resistant FCC Catalyst 427 

impacts the effect of the alumina additive. Hence, it is not possible, at this time, to 
compare our results with Filtrol's. 

The data in Table IV show that CP-formulated samples have excellent intrinsic 
attrition resistance. The A l of 3.5 for CP-2(4) exceeds the performance of all six 
commercial samples tested; even 10.7 for CP-25 is within the range of A l values 
obtained for the commercial materials. With rehydratable alumina in the matrix, 
microspheres with superior attrition resistance can be manufactured. Thus, the second 
criterion for success was met. 

Catalytic Activity. Table V gives the analytical output from MAT evaluations of 
Catalyst VI, a baseline sample, and from CP-2 and the Reference, before and after 
metals poisoning. The experimental samples were made using the formulations which 
produced the materials with the lowest AIs. Catalyst VI was selected for baseline data 
because the chemical composition was the best match between one of the commercial 
FCC catalysts and CP-2. Total rare earths were 2.76 wt% (La, Ce, Nd, and Pr) for 
Catalyst VI and 2.42 wt% (only La) for CP-2. Also, Catalyst VI had 48 wt% A1 2 0 3 , 
46 wt% Si0 2 , and 0.34 wt% Na 2 0. Nominally, the CP-2 formulation consists of 
about 45 wt% A1 2 0 3 , 52 wt% Si0 2 , and 0.9 wt% Na 2 0. Catalyst VI had the highest 
alumina analysis; the other 5 commercial samples contained about 35 wt% A1 2 0 3 . 

Inspection of the data in the table reveals several important observations. For the 
metals free tests, the two experimental samples have higher conversion than Catalyst 
VI. On the basis of 100% conversion, CP-2 yields more gasoline grade product than 
the Reference. Of the three materials, Catalyst VI is the most selective for C 5 +. As 
expected (5), the alumina formulated catalyst has a high coke make. CP-2 also 
produces less light catalytic gas oil (LCGO) and heavy gas oil (HGO) fractions than 
Catalyst VI or the Reference. When the Reference and CP-2 catalysts are poisoned 
with Ni and V, conversion is significantly reduced. However, the effect is less severe 
for the alumina-added material. Others (5-7) have reported that free alumina in the 
matrix enhances the ability of the catalyst to withstand heavy metals poisoning. 

Figure 8 provides a means to compare the performance of the CP-2 formulated 
material against that of the Reference (before and after metals poisoning) and of the 
commercial standard (no poisoning). The performance factors were developed from 
the FCC literature. To have an improved cracking catalyst, conversion, gasoline, and 
1C4J C3 + CA olefins, ideally, should be higher. On the other hand, L C G O , HGO, 
light gases, H 2 production, and coke are desired to be lower (21). 

For metals free behavior, the CP-2 meets all of these criteria except coke make 
when contrasted with the Reference. Against the commercial catalyst, CP-2 fared 
very well except for coke. The gasoline cut was lower by 3 vol% on a 100% 
conversion basis. 

Comparison of the selectivity of CP-2 with and without metals contamination 
shows that the poisoned sample had lower gasoline and higher L C G O , HGO, gas, and 
coke; i.e., it did not crack as well. This is not surprising. However, quantitatively, the 
results indicate that, although the degree of conversion may have been decreased 
substantially, the conversion efficiency to desired fractions was not significantly less 
for the catalyst treated with metals. For example, the normalized gasoline fraction 
was 79 vol% for CP-2 and 76 vol% for CP-2 (NiV). 

After Ni/V poisoning, the performance of the CP-2 was superior to the cracking 
behavior of the Reference for conversion and L C G O and HGO production. Also, the 
poisoned CP-2 converts slightly more fresh feed to gasoline than the Reference. 
Although the alumina-added catalyst also makes more coke and light gases, the gain 
in conversion and gasoline production probably outweighs the disadvantages inherent 
when these byproducts are generated. The conclusion from the MAT evaluations is 
that poisoning is more detrimental to the alumina-free material. CP-2 still retains 
significantly more conversion and selectivity after contamination with Ni and V. The 
metals essentially deactivate the Reference. 
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428 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Table V. Activity of F C C Catalysts Before and After Metals Contamination 

Sample 
Catalyst 

VI CP-2 Ref CP-2 Ref 

% V 0 0 0 0.6 0.6 

% N i 0 0 0 0.3 0.3 

Conversion, vol% FF 74 81 78 54 34 

Product Yields, vol% FFA 

Total C 3 's 
Propane 
Propylene 

Total C 4 S 
I-Butane 
N-Butane 
Total Butenes 

11.0 
3.2 
7.8 
19.1 
10.0 
2.4 
6.7 

11.6 
3.9 
7.7 

20.8 
11.6 
3.0 
6.1 

12.9 
4.2 
8.7 

21.4 
11.4 
3.1 
7.0 

8.6 
1.6 
7.0 

13.2 
4.4 
1.0 
7.8 

7.7 
1.5 
6.2 
9.9 
3.2 
0.9 
5.9 

C5-43O F (Gasoline) 83.4 79.1 77.8 75.5 74.2 

430-650 F (LCGO) 23.6 16.7 18.1 43.7 77.2 

650 F + DO (HGO) 11.3 7.1 9.7 42.7 121 

Product Yields, wt% FFA 

Total C 2 and Lighter 
H 2 

2.5 
0.07 

2.4 
0.05 

2.9 3.1 
0.05 1.29 

3.6 
1.34 

Carbon (Coke) 3.7 4.5 3.8 5.5 3.7 

a Normalized to 100% conversion. 

Performance Factor 
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Ref 
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Catalyst VI 
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Figure 8. R e l a t i v e performance of CP-2 
formulated FCC c a t a l y s t s . 
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With the catalytic cracking results, the third criterion for success was met. 
Indeed, the excellent activity of the metals-free CP-2 and the superior performance of 
the metals contaminated CP-2 samples suggest that the formulation would be an 
excellent candidate for a variety of cracking processes. It seems especially well suited 
for resid service formulations. 

Conclusions 

Alcoa's rehydratable CP alumina powders can be used effectively to improve a viable 
FCC catalyst formulation. Well-formed microspheres which have superior attrition 
resistance can be fabricated by controlling the pH and viscosity of the FCC slurry. At 
this time, the preferred formulation uses CP-2 as the free alumina source and a silica 
sol which has aged at conditions conducive to the formation of chains of polysilicic 
acid aggregates. The addition of the rehydratable alumina can also have a beneficial 
effect on the cracking activity of the catalyst. The conversion and selectivity of a CP-
2 formulated sample were comparable to a commercial grade catalyst and an 
experimental reference, which was alumina-free. After heavy metals poisoning, the 
CP-2 material had activity which was superior to the reference formulation. 
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Chapter 39 

Characterization of Catalyst Materials 
as Reference Standards 

Ruth A. Haines 

National Institute of Standards and Technology, Gaithersburg, M D 20899 

Through a series of round robin tests conducted by 
participating laboratories, ASTM Committee D-32 on 
Catalysts has characterized a variety of catalyst 
materials using standard test methods. Materials 
include fluid cracking catalysts, zeolites, silicas, 
aluminas, supported metals, and a gas oil feedstock. 
Properties characterized include surface area, crush 
strength, catalytic microactivity, particle size, 
unit cell dimensions and metal content. These 
materials are available from the National Institute 
of Standards and Technology as reference materials. 

ASTM Committee D-32 on C a t a l y s t s was organized i n the mid-
seventies i n response to a recognized need on the p a r t of the 
c a t a l y s t producers and users f o r t e s t methods and standards. The 
Committee i s s t r u c t u r e d to b r i n g together i n t e r e s t s i n measuring 
p h y s i c a l - c h e m i c a l and physical-mechanical p r o p e r t i e s , c a t a l y t i c 
p r o p e r t i e s and composition. Working groups are organized to 
develop s p e c i f i c standard t e s t methods of i n t e r e s t to the 
membership us i n g commercial c a t a l y s t s or c a t a l y s t supports. 

Key to the success of these working groups i n e s t a b l i s h i n g 
t e s t methods i s the a v a i l a b i l i t y of c a t a l y s t m a t e r i a l s i n l a r g e 
enough q u a n t i t i e s to allow f o r extensive round r o b i n t e s t i n g of the 
methods w i t h i n the Committee. I n f a c t , adequate q u a n t i t i e s e x i s t 
to make these w e l l c h a r a c t e r i z e d m a t e r i a l s a v a i l a b l e f o r use as 
standards. Fearing l o s s of these m a t e r i a l s i n the warehouses of 
the many donor companies, the Committee has asked the N a t i o n a l 
I n s t i t u t e of Standards and Technology (formerly the N a t i o n a l Bureau 
of Standards) to d i s t r i b u t e the samples. At the present time 
s e v e r a l c a t a l y s t m a t e r i a l s are a v a i l a b l e from the N a t i o n a l 
I n s t i t u t e of Standards and Technology and more w i l l be made 
a v a i l a b l e i n the near f u t u r e . (1) 

Using commercial m a t e r i a l s donated by i n t e r e s t e d companies the 
members of D-32 have been able to t e s t f o r a wide range of 
important p r o p e r t i e s of c a t a l y s t s or c a t a l y s t supports. In most 

This chapter not subject to U.S. copyright 
Published 1989 American Chemical Society 
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39. HAINES Catalyst Materials as Reference Standards 431 

cases a working group agrees on a t e n t a t i v e measurement procedure, 
asks p a r t i c i p a t i n g l a b o r a t o r i e s to f o l l o w the procedure to 
c h a r a c t e r i z e one or more m a t e r i a l s , s t u d i e s the f i n d i n g s , r e f i n e s 
the procedure and f r e q u e n t l y asks f o r another set of l a b o r a t o r y 
measurements. The r e s u l t s of the t e s t s are t r e a t e d s t a t i s t i c a l l y 
and reported i n d e t a i l i n research r e p o r t s f i l e d w i t h the ASTM. 
The t e s t methods appear i n Volume 05.03 of the Annual Book of ASTM 
Standards (2) or i n the s p e c i a l p u b l i c a t i o n ASTM Standards on 
C a t a l y s t s . (3) 

Table I l i s t s the c a t a l y s t m a t e r i a l s c h a r a c t e r i z e d and 
a v a i l a b l e f o r use as reference m a t e r i a l s . For each property 
measured, the number of the ASTM Standard Test Method used i n the 
determination i s i d e n t i f i e d ; the m a t e r i a l i s s p e c i f i e d ; the 
consensus mean value determined i s l i s t e d ; the i n t e r l a b o r a t o r y 
r e p r o d u c i b i l i t y and the i n t r a l a b o r a t o r y r e p e a t a b i l i t y from round 
r o b i n t e s t s are presented; and the number of the ASTM research 
r e p o r t d e s c r i b i n g the round r o b i n data i s l i s t e d . These round 
robins were conducted i n accordance w i t h ASTM E-691 -- Standard 
P r a c t i c e f o r Conducting an I n t e r l a b o r a t o r y Study to Determine the 
P r e c i s i o n of a Test Method. 

Table I I summarizes the t e s t methods used f o r the 
c h a r a c t e r i z a t i o n of the c a t a l y s t samples. These methods have been 
subjec t to the b a l l o t i n g procedures of the ASTM a f t e r extensive 
review by task f o r c e members. The procedures s p e c i f y equipment 
parameters when necessary. L i m i t s i n the a p p l i c a t i o n of the 
methods are o u t l i n e d . In a l l cases the t e s t method must be 
f o l l o w e d i n order to assure c o m p a r a b i l i t y of the r e s u l t s to the 
values assigned. I t should be noted that the o f f i c i a l ASTM t e s t 
method numbers have two more d i g i t s which represent the year of 
issue or r e v i s i o n of the standard. 

Surface Area and P a r t i c l e S i z e Reference M a t e r i a l s 

Among the p h y s i c a l - c h e m i c a l p r o p e r t i e s of most widespread use 
i n the c a t a l y s t i n d u s t r y are surface area and p a r t i c l e s i z e 
d i s t r i b u t i o n . Three m a t e r i a l s , a low surface area k a o l i n , a 
moderate surface area alumina and a h i g h surface area s i l i c a -
alumina, have been c h a r a c t e r i z e d f o r surface area u s i n g 
n i t r o g e n gas or a nitrogen-helium f l o w i n g gas mixture. Several 
extensive round r o b i n t e s t s have been conducted u s i n g standard 
s t a t i c and continuous flow t e s t methods appropriate to c a t a l y s t s or 
c a t a l y s t supports that have Type I I or IV n i t r o g e n a d s o r p t i o n 
isotherms. As a r e s u l t these m a t e r i a l s are recommended as 
reference m a t e r i a l s by an i n d u s t r y funded ASTM Committee (S-21) 
r e s p o n s i b l e f o r standards f o r p a r t i c l e metrology. Because s e v e r a l 
techniques are f r e q u e n t l y used i n the i n d u s t r y to c h a r a c t e r i z e 
p a r t i c l e s i z e d i s t r i b u t i o n , an FCC c a t a l y s t has been c h a r a c t e r i z e d 
u s i n g l a s e r l i g h t s c a t t e r i n g , e l e c t r o n i c counting, and s i e v i n g i n 
the 20 to 150-/zm equivalent s p h e r i c a l diameter range. Values f o r 
the consensus mean found w i t h each type of t e s t method are l i s t e d 
i n Table I. Comparison of the v a r i o u s cumulative percent data from 
the three methods using the same m a t e r i a l s has been reported by 
Flank. (4) 
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436 CHARACTERIZATION AND CATALYST DEVELOPMENT 

C a t a l y s t A c t i v i t y 

Of p a r t i c u l a r mention and of widespread i n t e r e s t throughout 
the petrochemical i n d u s t r y has been the Committee's success i n 
ob t a i n i n g round r o b i n r e s u l t s on t e s t i n g f l u i d c r a c k i n g c a t a l y s t s . 
Overcoming a n a t u r a l d e s i r e not to share data or methods, i n d u s t r y 
r e p r e s e n t a t i v e s developed a standard method to determine the weight 
percent conversion of gas o i l i n a f i x e d bed m i c r o a c t i v i t y u n i t . 
The t e s t r e q u i r e s the use of a standard batch of gas o i l as a 
feedstock and a set of e q u i l i b r i u m f l u i d c r a c k i n g c a t a l y s t s w i t h 
consensus mean conversion values assigned i n a r e a c t o r of s p e c i f i e d 
design. The gas o i l and the set of e q u i l i b r i u m c r a c k i n g c a t a l y s t s 
are u s e f u l reference m a t e r i a l s . Conversion f o r any e q u i l i b r i u m or 
la b o r a t o r y - d e a c t i v a t e d f l u i d c r a c k i n g c a t a l y s t can be measured and 
compared to a conversion c a l i b r a t i o n curve. Conversion i s measured 
by the d i f f e r e n c e between the amount of feed used and the amount of 
unconverted m a t e r i a l . The unconverted m a t e r i a l i s def i n e d as a l l 
l i q u i d product w i t h a b o i l i n g p o i n t above 216°C. 

Other P h y s i c a l and Chemical P r o p e r t i e s 

Although s e v e r a l standard t e s t methods have been developed f o r 
the chemical a n a l y s i s of c a t a l y s t s only small samples of supported 
platinum and palladium reference m a t e r i a l s are a v a i l a b l e . Z e o l i t e s 
have been c h a r a c t e r i z e d f o r z e o l i t e area, u n i t c e l l dimensions, and 
r e l a t i v e x-ray d i f f r a c t i o n i n t e n s i t y . The crush s t r e n g t h of 
alumina p e l l e t s has al s o been determined. As the needs of c a t a l y s t 
users and producers change so w i l l the m a t e r i a l s c h a r a c t e r i z e d . To 
the extent that adequate amounts of m a t e r i a l can be donated, 
standard t e s t methods developed, and round r o b i n t e s t s performed 
Committee D-32 on c a t a l y s t s w i l l continue to make them a v a i l a b l e 
through NIST as reference m a t e r i a l s . 

S p e c i a l acknowledgment goes to Steve Bradley and the many 
D-32 members who worked on the c h a r a c t e r i z a t i o n of the m a t e r i a l s 
d e s c r i b e d i n t h i s paper. 
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440 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Attrition-resistant porous microspheres, 
illustration of preparation methods, 
56}59f 

Attrition-resistant porous microspheres by 
spray drying 

determination of distribution 
of hardening phase, 57 

effect of acid leaching on scanning 
electron micrographs, 58,60-62/" 

effect of poly(silicic acid) on resistance, 
58,59f 

experimental procedure, 57 
materials, 56-57 
measurement of attrition resistance, 57 
scanning electron micrograph showing 

silicon distribution, 58,63/ 
Attrition testing, description, 21 
Axial dark-field-imaging detection method, 

detection of supported metal 
crystallites, 346-347,348/* 

Bimetallic catalysts, See Mixed-metal 
catalysts 

Brunauer-Emmett-Teller (BET) surface 
areas, measurements on Ni catalysts, 
71,73* 

Bulk chemical analysis, description, 22-23 
Bulk crush test, description, 381 
Bulk crush testing of catalysts 

characteristics of two types of catalysts, 
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configuration of tester, 399,40Qf 
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load displacement curve, 399,402,403/ 
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variation in fine production from 

different load cells, 402,403/ 
Bulk densities, measurements, 22 

Calcined dealuminated Y zeolites, 
characterization, 27/ 

Calcined zeolites 
hexadecane cracking results, 30,31/ 
molecular weight distribution from hexane 

cracking, 30,32/" 

Catalysis research, goal, 12 
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commercial importance, 17 
examination under reactor conditions, 278 
importance to chemical and petrochemical 

industries, 384 
quality assurance, 385-397 
strength requirements, 398 
tests for evaluation of physical 

characteristics, 398 
X-ray and electron microscopic analyses, 

274-278 
Catalyst analysis 

description, 18-19 
techniques, 19-20 

Catalyst breakage problems, measurement 
tests, 381 

Catalyst characterization 
advantages, 12 
analysis, 18-20 
analysis of atomic and active species, 21 
analysis of electronic structure, 15 
breakthroughs and challenges, 3-5 
classification of methods, 13-16 
description, 18 
determination of catalyst phases, 20 
development of catalysts by design, 2 
evaluation, 18-19 
example of n-heptane hydrocracking, 

9z,iqf,ll 
functions, 13 
goal, 2 
history, 5-6 
humorous recollections, 11 
imaging secondary-ion MS, 354-364 
microanalytical methods, 20-21 
multiple tasks, 12 
need for understanding and knowledge of 

entire system, 6-7 
need to diagnose and fix problems 

quickly, 7-8 
nitrogen physisorption methods, 20 
physical measurements, 20 
reactor studies, 15-16 
role of catalyst diagnostician, 2-3 
structural analysis, 14-15 
surface analysis, 13-14 

Catalyst characterization by IR 
spectroscopic methods 

advantages, 222-223 
applications, 225-232 
characterization 

metal sites on supported metal catalysts, 
229,231,232/* 

strained bonds on oxides and 
zeolites, 227,229,23Q/* 

surface acid sites, 225-228,230 
surface groups on supports and catalysts, 

225,226/* 
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Catalyst characterization by IR 
spectroscopic methods—Continued 

future prospects, 231,233 
IR cell design, 223-224 
pretreatment, 225 
problems resulting from use of probes, 

224-225 
sample preparation, 223 
spectrometer selection, 224 

Catalyst characterization by scanning 
transmission electron microscopy 

advantages, 342-343 
annular dark-field detection method, 

apparatus, 343 
axial dark-field-imaging detection method, 

346-347348** 
commercial catalyst composition, 344345* 
deposition of carbon in area of beam 

concentration, 350,352 
determination of metal content, 346 
identification of bimetallic crystallites, 

347,34S^ 
micrograph of platinum crystallites on 

7-alumina, 344345/346 
poisons, 350 
problem in analyzing heterogeneously 

distributed metal catalysts, 347 
problem with beam sensitivity of 

catalyst, 346 
selection of model catalyst, 344 
specimen preparation, 343 
stability under beam exposure, 

350351/352 
Catalyst deactivation 

percolation models, 167-175 
statistical modeling, 162-167 
types, 162 

Catalyst development, goal, 214 
Catalyst evaluation 

description, 18 
techniques and equipment, 19 

Catalyst materials, characterization as 
reference standards, 430-436 

Catalyst poisons, detection, 350 
Catalyst preparation 

characteristics of final product, 18 
procedure, 18 

Catalyst testing 
catalyst tailoring, 113,115/ 
commercially available hydrometallation 

catalysts, 113,115/ 
comparison of laboratory and industrial 

reactors, 101,103/ 
criteria for isothermal operation, 

104,108* 
deviation in reaction rate at given 

activation energy and temperature, 
104,106** 

Catalyst testing—Continued 
diagnostic test for interphase transport 

limitation, 107,108** 
diagnostic test for intraparticle 

transport disguises, 107,1 lOf 
effect of flow pattern on rate analysis, 

102,103/ 
Koros—Nowak tests for transport disguises, 

109,llQf 
long-term deactivation during residue 

desulfurization, 113,114/" 
reactor and catalyst gradient application 

to heterogeneous catalyst, 104,106*" 
schematic representation of prototype 

tube, 102,103/ 
statistical design vs. 

one-variable-at-a-time approach, 101* 
steps for ensuring plug-flow operation, 

104,105* 
ten guidelines, 99-116 
Weisz window, 112,114/* 

Catalyst testing program 
attrition testing, 21-22 
bulk chemical analysis, 22-23 
bulk density measurements, 22 
microactivity test, 21 
particle size analysis, 22 

Catalytic activity, nickel-loaded titanates, 
73-74,75-7^" 

Catalytic properties, dealuminated Y 
zeolites, 30-34 

Catalytic systems, characterization by using 
spectroscopic techniques, 180-182 

Cerium dioxide, oxidation of S 0 2 to S0 3 ,48 
Characterization of catalyst materials as 

reference standards 
catalyst activity, 436 
list of materials characterized and 

available for use as reference 
materials, 431,432-433* 

list of test methods, 431,434-435* 
particle size reference materials, 431 
physical and chemical properties, 436 
surface area reference materials, 431 
testing procedure, 430-431 

Characterization of catalytic systems 
IR spectroscopy, 182 
magic-angle-spinning N M R spectroscopy, 182 
solid-state N M R spectroscopy, 182 
X-ray photoelectron spectroscopy, 181 

Chemical analysis of catalysts, standard 
test methods, 436 

Chemical dealumination, Y zeolites, 25 
Cobalt sulfide phase structure in C o - M o - S 

catalysts 
activity per cobalt atom, 326 
Co-S coordination distance, 325 
Co-S coordination number, 325-326 
Fourier-transform E X A F S spectra, 321,322/ 
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442 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Cobalt sulfide phase structure in C o - M o - S 
catalysts—Continued 

material preparation, 320 
structural parameters, 321,323* 
X A N E S spectrum, 321324/325 
X-ray absorption measurements, 320-321 

Cogel formation of MgAl(OH) 5 and M g 2 A l 2 0 5 , 
magnesium aluminate spinel formation, 51 

Coke, chemical structure, 81 
Commercial industrial catalysts 

criteria, 380 
importance of mechanical and physical 

properties, 380-381 
importance of methods to prevent and 

eliminate catalyst breakage and 
attrition, 381 

market, 383 
Cu/Ru(0001) catalyst, model studies, 194 

D 

Dealuminated Y zeolites 
active-site distributions, 34 
2 7 A l MAS-NMR spectra, 28,29f,30 
bulk elemental analyses, 26 
calcination, 26 
calculated octane numbers vs. gasoline 

yield, 3637/ 
catalyst performance relationships, 

35-3637/ 
catalyst structural characteristics, 34-35 
catalytic properties, 30-34 
characterization, 26 
characterization of starting materials, 

25,26* 
compositions, 27* 
dependence of hexadecane cracking activity 

on framework composition, 35,37/ 
effect of coke selectivity on catalyst 

deactivation rate, 35 
extraframework aluminum, 36 
factors influencing gasoline 

selectivity, 35 
gasoline composition from hexadecane 

cracking, 35-36 
hexadecane cracking reactions, 26 
light-gas compositions for hexadecane 

cracking, 34* 
light-gas selectivities, 35 
molecular weight distribution from hexane 

cracking, 30-31,32/" 
paraffin, olefin, naphthene, and aromatic 

component selectivities in gasoline 
fraction from hexadecane cracking, 
31,33/ 

pore size distributions, 34-35 

Dealuminated Y zeolites—Continued 
preparation, 24-25 
presence of extraframework material, 34 
relative first-order rate constants for 

hexadecane cracking, 30r 
role of characteristics in hydrocarbon 

reactivity, 24 
role of mesoporosity in catalytic 

behavior, 36 
^ S i MAS-NMR spectra, 28,29/30 
structural feature characterization, 24 
unit cell sizes, 34 

Degree of branching of gasoline 
measurement, 138,140/" 
vs. branching, 138,149/" 
vs. olefinicity, 138,14(y 

Density grading 
effectiveness in separation of catalyst 

mixtures to enhance regeneration 
quality and possibility, 153 

fractions produced, 153 
function, 153 
opportunities for regeneration and reuse 

of catalysts, 153 
test case performed on cobalt-molybdenum 

catalyst, 155* 
test case performed on nickel-molybdenum 

catalyst, 153,154*,155 
Drawing conclusions for testing 

cautions and constraints, 95-96 
examples, 96-98 
reliability, 95 

E 

E C R - 1 zeolite 
chemical properties, 304-305 
determination of proposed structure, 304 
electron diffraction patterns, 308,31(y" 
hexane isotherms, 305306/" 
high-resolution lattice imaging, 311-315 
powder X-ray diffraction patterns, 

308,309/" 
role of unit-cell constants in structure 

determination, 308 
solution properties, 30530$* 
spectroscopic analyses, 305,307/ 
structural modeling, 314316/317 
synthesis, 304 
thermogravimetric analyses, 305,306/" 

Electron beam, catalyst analysis, 
350351/352 

Electron density, distribution function, 280 
Electron diffraction, E C R - 1 zeolite 

patterns, 308-31Q/" 
Electron energy loss spectroscopy 

analysis of light elements, 350 
applications, 352 
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INDEX 443 

Electron microscopy 
evaluation of metal distribution, 276 
microstructural study of iron silicate 

catalyst, 365-376 
use in catalyst characterization, 276 

Electronic structure of catalysts 
electron paramagnetic resonance, 15 
scattered wave X-a , 15 
spin-polarized XPS, 15 
U V photoelectron spectroscopy, 15 
valence band XPS, 15 
XANES, 15 

Electronic transitions probed by X-ray 
absorption spectroscopy, 
description, 275 

Energy balance of photoemission process, 
equations, 215,217 

Extended X-ray absorption fine structure 
(EXAFS) 

description, 275-276 
Pt-Sn-alumina catalysts, 332-339 
structure determination of cobalt sulfide 

phase in C o - M o - S catalysts, 319 
use in catalyst characterization, 319 

Extractive decoking, principles, 80-82 

Fix concept, description, 180-181 
Fixed-bed adsorbents, quality 

requirements, 385 
Fixed-bed catalysts 

applications, 385 
quality, 385 

Fluid catalytic cracking (FCC) 
catalyst development for different 

applications, 120 
differences among units, 120 
test(s), 135-147 
testing 

A R C O pilot riser test conditions, 
138,139* 

aromatic formation, 141,143/ 
criteria for judging simulations, 136,138 
establishment of good FCC simulation, 

136,138-143 
kinetics, 141,143/ 
microscale simulation test of FCC unit, 

138,139* 
strategy, 136 

testing philosophies for evaluation of 
catalysts, 120-134 

Fluid catalytic cracking catalyst(s) 
attrition, 422-427 

indexes, 424,427 
measurement, 415,416f,417*,418 
testing, 21 

Fluid catalytic cracking catalyst(s)—Continued 
catalytic activity, 427,428*^429 
catalytic cracking test, 418 
characterization, 415 
characterization by imaging secondary 

ion MS 
cross section of bottoms conversion, 

359360-361/ 
cross section of old and new catalyst 

particles, 359362-363/364 
cross section of typical gas oil 

conversion catalyst, 
356357-358/359 

experimental procedure, 355—356 
ion image collection system, 355 

commercial catalysts, 418,42Qf 
experimental catalysts, 418,421/ 
formulation, 415 
friability of pseudoboehmite-formulated 

material, 424,426f,427 
microsphere formation, 418-422 
particle(s) 

composition, 354 
problems with characterization of 

submicron phases, 354 
particle size distributions, 418,422* 
passivation of metal contaminants, 41 
preparation, 415 
response curves, 422-423,425/ 
testing, 436 

Fourier-transform IR spectroscopy, 
determination of light-off temperature 
of oxidation catalyst, 234-241 

G 

Gasoline 
branching and degree of branching factor, 

138,14Qf 
degree of branching vs. olefinicity, 

14Qf,141 
vs. olefinicity, 141/ 

H 

H 2 chemisorption, measurements on Ni 
catalysts, 71,73* 

Heavy hydrocarbons in supercritical fluids, 
effect of solvent on solubility, 82 

n-Heptane, hydrocracking, 9*,lQf,ll 
Heterogeneous catalytic-type systems, 

characterization of evolving 
chemistry, 180 

High-resolution electron microscopy, images 
for second-phase particles of iron 
silicate molecular sieve, 374,375/376 
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444 CHARACTERIZATION AND CATALYST DEVELOPMENT 

High-resolution electron spectroscopy for 
chemical analysis studies in catalysis 
of Pt metals 

analysis of alumina support, 204-205,206/" 
bimetallic cases, 209,211/,212 
effect of dopant, 203-204 
example of Pt crystallite growth, 

209,21Qf 
experimental procedure, 204 
increase in differentially charged Pd with 

increased basicity of alkaline dopant, 
209,211/,212 

overlay of valence bands, 205,206/" 
oxidized material, 205,207/ 
Pt(4d5^) spectra, 205,207/ 
reduction and dispersion of metals, 

205,208-209,21(y 
High-resolution transmission electron 

microscopy lattice imaging 
determination of zeolite structure, 311 
E C R - 1 connectivity model, 311314,315/ 
image of crystal side view along E C R - 1 

laths, 311312/" 
image of section normal to E C R - 1 lath 

length, 311313/ 
Hydrocracking of n-heptane 

catalyst characterization, 9-11 
product distribution, 9* 
reactions, 9y10f 

Hydrothermal dealumination, Y zeolites, 25 
Hydrotreating catalysts 

applications, 79 
commercial demand, 80 
deactivation mechanisms, 80 
in situ regeneration, 79-88 
operating conditions of processes, 80,81* 
process description, 79 

Hydrous oxide ion exchangers of metals, use 
as catalyst substrates, 65 

Hydrous sodium titanate ion-exchange 
materials, use as catalyst supports, 
65-76 

Hydroxide coprecipitation, magnesium 
aluminate spinel preparation, 
49,5Qf,51,5^ 

Hypothesis for testing 
design, 92-93 
form, 92 

In situ regeneration of hydrotreating catalyst— 
Continued 

effect of extraction on characteristics, 85* 
effect of pyridine extraction on 

hydrogenation, 85,86/",87 
effect of pyridine extraction on 

hydronitrogenation, 85,87,88/" 
effect of S0 2-pyridine extraction on 

characteristics, 87,88/" 
experimental conditions of extraction, 

83,84* 
experimental procedure, 82-83 
use of supercritical fluid extraction, 80 

Industrial powders with high attrition 
resistance 

example, 55 
preparation, 55-56 

Interphase gradient, description, 104 
Intraparticle gradients, description, 104 
Intrareactor gradients, description, 104 
IR spectroscopic methods, catalyst 

characterization, 222-233 
IR spectroscopy 

E C R - 1 zeolite, 305,307/ 
use in characterization of catalytic 

systems, 182 
Iron silicate analogues of ZSM—5 zeolite 

effect of alkali cations on size and 
morphology, 366 

effect of iron concentration on 
morphology, 366 

effect of steam treatment on size, 
368-369/" 

effect of stirring and steam treatment on 
morphology, 368371/ 

effect of stirring on morphology, 
36837QT 

high-resolution electron microscopic 
images, 374375/376 

identification of crystallites, 366-368 
indexed microdiffraction patterns, 

368373/374 
microdiffraction patterns, 368,372/374 
morphology vs. synthesis conditions, 

366,367/ 
Mossbauer studies, 376 
particle size vs. synthesis conditions, 

366367/ 
synthesis, 365 

Imaging secondary-ion MS, use in catalyst 
characterization, 354-364 K 

In situ regeneration of hydrotreating catalyst 
advantages, 80 Ketjen microactivity test for development 
apparatus, 82 of fluid catalytic cracking 
effect of C 0 2 extraction on description, 136 

characterization, 83,85,86/" simulation of FCC bed reactor, 136,137/ 
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INDEX 445 

Length and density grading 
advantages, 157 
density grading, 153-156 
length grading, 149-154 
objective, 148 
regenerated naphtha re-forming catalyst, 
155,156* 

separation of hydrocracking-hydrotreating 
catalyst mixture, 155,156*,157 

test case performed on cobalt-molybdenum 
catalyst, 155* 

test case performed on nickel-molybdenum 
catalyst, 153,154*,155 

Length grading 
applications, 153 
effectiveness in separation by length, 
149,15Gr,151-152/* 

example, 149,153,154* 
function, 149 
results from 110-in. catalyst, 149,152* 

Light elements, analysis by electron energy 
loss spectroscopy, 352 

Light-off temperature determination of 
oxidation catalyst by Fourier-transform 
IR spectroscopy 

activation energy of CO and C02 

formation, 239* 
Arrhenius plot of CO on oxidation 

catalyst, 239,24Qf* 
Arrhenius plot of C0 2 on oxidation 

catalyst, 239,241/ 
experimental procedure, 235 
IR spectra at various temperatures, 
235,237-238/239 

materials, 235 
schematic representation of IR flow cell, 
235,23̂ " 

schematic representation of measurement 
system, 235,236** 

values for three-way automotive 
catalysts, 239* 

Lot-to-lot variations for catalysts, 
catalyst manufacture, 393 

M 

Magic-angle-spinning NMR spectroscopy, use 
in characterization of catalytic 
systems, 182 

Magnesium aluminate spinel(s), preparation 
methods, 48 

Magnesium aluminate spinel for SOx abatement 
cerium impregnation, 47 
material preparation, 46-47 
preparation of A1204 by cogel formation 
method, 47 

Magnesium aluminate spinel for SOx 

abatement—Continued 
preparation of MgAl204 

cocondensation method, 47 
coprecipitation method, 47 
thermal studies, 47-48 
Magnesium aluminate spinel preparation 
cocondensation of oxides, 48-49,5Q/"* 
cogel formation, 5Qr,51,52-53/ 
coprecipitation of hydroxides, 
49,50,51,52** 

physical and chemical properties, 49,50* 
Mechanical and physical testing of catalyst 
formation of standardization groups, 382 
importance of quality assurance, 382 
importance of standardization 
procedures, 382 

measurement procedures, 382 
need for ample supply of 
well-characterized reference 
materials, 382 

Mercury porosimetry 
accuracy, 251-252 
applications, 251 
description, 251 
Metal catalyst-support interactions 
development, 214 
implications from XPS studies, 219-220 
photoemission from insulators, 
215,21(̂ ,217 

photoemission from small metal clusters on 
insulators, 217,218f,219 

Metal crystallites, identification 
techniques, 277 

Metal distribution, evaluation by electron 
microscopy, 276 

Metal oxide overlayers, surface 
characterization, 183 

Metal reduction and dispersion, 
high-resolution electron spectroscopy 
for chemical analysis, 205,208-209,21Qf 

Metal sites on supported metal catalysts, 
characterization by IR spectroscopic 
methods, 229,231,232** 

Microactivity test, description, 21 
Microactivity test for development of 

fluid catalytic cracking 
advantages and disadvantages, 135 
modifications, 136,137/ 
problems with simulation of commercial 

operating conditions, 135,137* 
Microactivity test of catalysts for 

fluid catalytic cracking 
alternate approaches, 127,129*,130 
coke selectivity, 130,133/ 
comparison to steaming procedures, 
127,129-134 

dry-gas selectivity, 130,132/" 
equilibrium comparison, 134* 
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446 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Microactivity test of catalysts for 
fluid catalytic cracking—Continued 

gasoline selectivity, 130,131/ 
light-cycle-oil selectivity, 130,132/" 
process flow scheme, 127,12**/ 
summary of procedures, 127,129* 
wet-gas selectivity, 130,131/ 

Microdiffraction, patterns for iron silicate 
analogues of Z S M - 5 zeolite, 
368,372-373/374 

Microscale simulation test for development 
of fluid catalytic cracking 

description, 144 
flow scheme, 144,145/ 
gasoline composition, 141,142/" 
R O N and M O N predictions, 141,143/ 
simulation of FCC unit, 138,139r 
test conditions, 141,142*,147 

Mixed-metal catalysts 
commercial success, 191 
surface properties, 191-200 

Molecular catalysis, use of spectroscopic 
analysis, 181 

N 

Near-edge X-ray absorption fine structure, 
(NEXAFS), Pt-Sn-alumina catalysts, 
331-332 

New zeolites, determination of structural 
topology, 303-304 

Ni(II) hydrolysis, chemistry, 68,6^,70 
Nickel-loaded catalysts, effect of loading 

conditions on degree of dispersion, 
70-71 

Nickel on hydrous sodium titanate catalyst 
supports 

BET surface areas, 71,73* 
catalytic activity, 73-74,75-76/" 
dissolved Ni species concentrations vs. 

pH, 70,72/" 
experimental procedure, 67 
^ chemisorption measurements, 71,73/ 
ion-exchange behavior of sodium titanate, 

67-68,6Sy 
material preparation, 66-67 
Ni(II) hydrolysis chemistry, 68,69/",70 
nickel-loaded catalysts, 70-71,72/",75/ 
nickel-loading experiments, 70,72/" 
rate of n-butane hydrogenolysis, 74,75/ 
selectivity for hydrocarbon formation, 

74,7$" 
transmission electron microscopy, 

71,72/775/ 
Nitrogen adsorption and condensation 

advantages and disadvantages, 252-253 
determination of specific surface areas 

and pore size distributions, 252 

Nu-13 
deconvolution of X R D powder pattern, 

292,296/297 
electron microscopy data, 292,295/297 

Oxidation catalysts 
determination of light-off temperature, 

234-241 
techniques for performance evaluation, 234 

Oxide cocondensation, magnesium aluminate 
spinel preparation, 48-49,5Q£* 

Particle size analysis, description, 22 
Particle size reference materials, 

examples, 431 
Percolation models of catalyst deactivation 

applications, 169 
assumptions, 170-171 
average pore radius, 168—169 
concentration of poisoned sites, 167-168 
effective radius, 168 
identification of process, 167 
mapping of porous medium, 170 
normalized reaction rate vs. time, 

171,173/ 
overall reaction rate, 167 
plugging time vs. average coordination 

number, 171,172/" 
total number of fragments vs. time, 

171,174/;i75 
Percolation theory, determination of 

network and percolation effects, 252 
Petroleum catalysts 

factors influencing demand, 17 
preparation and characterization, 17-18 

Philosophy for testing, See Testing 
philosophy 

Photoemission from insulators 
energy balance of process, 215,217 
schematic representation of energy levels 

from large metal particle on 
insulator, 215,21^ 

schematic representation of energy levels 
from metal sample, 215,21$" 

Photoemission from small metal clusters on 
insulators 

factors influencing binding energies, 
217,21ty",219 

role of support, 217,218/",219 
Poly(silicic acid), definition, 57 
Pore structure characterization of catalyst 

supports via low-field N M R 
advantages, 253 
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I N D E X 447 

Pore structure characterization of catalyst 
supports via low-field NMR—Continued 

alumina pore size distributions, 259f 
background for conventional methods, 

251-253 
calculation of N M R pore size 

distributions, 258**,259 
determination of surface interaction 

parameter, 254 
experimental materials, 254-255 
experimental procedure, 255 
magnetization vector vs. time, 254 
network and percolation effects, 251-252 
nitrogen adsorption and condensation, 252-253 
N M R spin-lattice relaxation inversion 

recovery experiments, 251 
N M R theory, 253-254 
plots of surface area vs. solid 

concentration, 256,257/ 
pore volumes, 255,256* 
reciprocal values of bulk fluid relaxation 

decay constant, 256* 
silica aerogel pore size distributions, 

259,26Qf 
values of surface interaction 

parameters, 256* 
Porous media in catalysis 

characterization, 160 
examples, 159 
pore-plugging phenomenon, 160 

Powder X-ray diffraction 
applications, 274-275 
ECR-1 zeolite patterns, 308,309** 

Protocol for testing 
establishment of relevant variables, 93 
steps, 93 
types of risks, 93-94 

Pt re-forming catalysts 
characterization techniques, 243 
temperature-programmed desorption, 243-250 

Pt-Sn-alumina catalysts 
evidence for development of metallic Pt 

and Pt-Sn alloy, 339 
EXAFS, 332-339 
experimental procedure, 329331 
metallic content, 329330* 
NEXAFS, 331-332 
procedure for X-ray spectrum measurements, 
329331 

radial distribution functions from 
fluorescence intensities 

at Pt edge, 333,335/ 
at Sn edge, 336338*" 

reduced radial distribution peaks 
at Pt edge, 333334* 
at Sn edge, 336,337*339 

review of reported structures, 339-340 
state of tin, 339 

Pt—Sn—alumina catalysts—Continued 
theoretical analysis of X A N E S 

profiles, 339 
Pt-Sn bimetallic catalysts 

roles in petroleum processing, 328 
structural characterization, 328-340 

Purchase specifications for catalysts 
factors, 387 
quality requirements, 387 
specifications, 387388* 

Q 

Quality assurance for purchased catalysts 
fixed-bed adsorbents, 385 
fixed-bed catalysts, 385 
lot-to-lot variations, 393 
purchase specifications, 387388* 
quality control procedures, 388-393 
quality control to statistical process 

control, 385 
statistical process control, 
393-394395/396 

supplier accreditation procedure, 
396*397 

user's plant problems, 386 
Quality control procedures for catalysts 

activity determination by ammonia 
chemisorption, 390* 

limitations, 390393 
palladium penetration depth measurements, 

389,390*391-392** 
particle size measurements, 389* 
quality control experience, 388-389 
representative lot samples and 

analyses, 388 
standard procedure, 388 

R 

Reactor studies of catalysts 
function, 16 
hardness and attrition-resistance 

tests, 16 
pore structure analysis, 16 

Regeneration of spent catalyst, length and 
density grading, 148-156 

Responses of testing 
cause-and-effect relationships, 94 
evaluation methodology, 94 
relevance, 94 

Scanning electron microscopy, image of iron 
silicate molecular sieve, 366,367/ 
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448 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Scanning transmission electron microscope, 
advantages, 342-343 

Single pellet crush strength testing of 
catalysts 

crush strength round-robin test on pencil 
leads, 411,412*,413 

extrudate radial crush strength, 
409,410-411* 

method of test for radial crush strength 
of extruded catalyst shapes, 409,41Qf 

procedure of round-robin testing program, 
407-408 

product characteristics from round-robin 
testing of spheres and tablets, 408* 

reasons for development, 407 
revision of test procedure, 413 
test precision for round-robin testing of 

spheres and tablets, 408,409* 
Single-pellet tests, description, 381 

catalyst design for effective removal, 
46-53 

definition, 46 
Sodium-23 magic angle spinning NMR, 

characterization of Y zeolites, 262-271 
Sodium titanate, ion-exchange behavior, 

67-68,6S|/ 
Sodium titanate powders, solution 

properties, 66-76 
Solid-state N M R spectroscopy, use in 

characterization of catalytic 
systems, 182 

Spent catalyst, recovery and reuse as viable 
options, 148 

Spray drying, attrition-resistant porous 
particles, 56-63 

Statistical modeling of catalyst 
deactivation 

activity decline due to deactivation, 
164-165 

coke content of particle, 166 
deactivating rate constant, 164 
development, 163-164 
early efforts, 162-163 
percolation-type phenomenon, 166-167 
probability that a site is covered with 

coke, 165-166 
reaction rate, 164 

Statistical modeling of catalytic and 
noncatalytic reactive porous media, 
approaches, 160-161 

Statistical process control for catalysts 
catalyst manufacturer, 394,396 
catalyst user, 394,395/ 
description, 393-394 

Steam deactivation of fluid catalytic 
cracking catalysts 

alternate approaches, 127,129*,130 
coke selectivity, 130,133/ 

Steam deactivation of fluid catalytic 
cracking catalysts—Continued 

comparison to microactivity test 
procedures, 127,129-134 

dry-gas selectivity, 130,132/* 
effect of steaming conditions on physical 

and chemical characteristics of 
catalyst, 122 

effect of steaming conditions on 
equilibration of unit-cell size, 124,125/ 

effect of steaming on microactivity 
conversion and surface area, 124,125/ 

effect of steaming severity on zeolite 
surface area, 124,126/* 

equilibrium comparison, 134* 
gasoline selectivity, 130,131/ 
light-cycle-oil selectivity, 130,132/* 
summary of steaming conditions, 

122,123*,124 
use of several steaming procedures for 

different catalyst, 124 
wet-gas selectivity, 130,131/ 

Steamed dealuminated Y zeolites, 
characterization, 27,28* 

Steamed zeolites 
hexadecane cracking results, 30,31* 
molecular weight distribution from hexane 

cracking, 3132/" 
Strained bonds on oxides and zeolites, 

characterization by IR spectroscopic 
methods, 227,229,23Qf 

Structural analysis of catalysts 
atomic resolution transmission electron 

microscopy, 14 
electron spectroscopy for chemical 

analysis, 15 
EXAFS, 15 
Fourier-transform IR spectroscopy, 15 
laser Raman spectroscopy, 15 
low-energy electron diffraction 

crystallography, 15 
MAS solid-state NMR, 14 
X-ray crystallography, 14 
X-ray powder diffraction, 14 

Structure, definition, 12 
Structure factor, description 
Structure modeling 

comparison of experimental X-ray 
diffraction pattern vs. that for 
model, 316/317 

procedure, 314,316/317 
Supercritical fluid extraction 

applications, 82 
decoking and regeneration of hydrotreating 

catalyst, 80-88 
Supplier accreditation for catalysts, 

procedure, 396*,397 
Surface acid sites, characterization by IR 

spectroscopic methods, 225-228,230 
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INDEX 449 

Surface analysis of catalysts 
atomic force microscopy, 14-15 
Auger spectroscopy, 13 
chemisorption, 14 
electron microscopy, 13 
high-resolution electron energy loss 

spectroscopy, 14 
IR spectroscopy, 14 
scanning tunneling microscopy, 14-15 
secondary-ion MS, 13 
temperature-programmed desorption, 13 
XPS, 13 

Surface area reference materials, 
examples, 431 

Surface characterization of metal oxide 
overlayers 

atomic emission spectroscopic intensity 
vs. titania evaporation 
time, 183,184/,185 

CO chemisorption capacity vs. titania 
coverage, 185,186/* 

effects of titania deposits on ethane 
hydrogenolysis, 189 

experimental procedure, 183 
hydrocarbon product selectivity vs. 

coverage, 185,188/* 
ISS intensity vs. titania evaporation 

time, 183,184/185 
methanation rate on T i O x - R h foil vs. TiO 

coverage, 185,188/* 
percentage of metal after CO 

hydrogenation, 185,189* 
XPS spectra of Ti(2p) region, 185,187/ 

Surface groups on supports and catalysts, 
characterization by IR spectroscopic 
methods, 225,226/* 

Surface properties of mixed-metal catalysts 
apparatus, 192 
catalytic activity of Ni vs. Ni coverage, 

198/*,199 
CO adsorption vs. Ni coverage, 197 
comparison of strained-metal overlayer 

systems, 200r 
effect of Cu addition 

attaining steady-state reaction rates, 
196-197 

CO hydrogenation rates, 191 
cyclohexane dehydrogenation, 196,198/" 

effect of H 2 spillover on specific 
activity, 194,196 

effect of Ni coverage on ethane 
hydrogenolysis, 199/" 

relative importance of ensemble vs. 
electronic effects in modification of 
properties, 192 

temperature-programmed desorption of 
multilayer Cu, 192,193/194 

temperature-programmed desorption vs. Cu 
coverage, 194,195/ 

Temperature-programmed desorption, surface 
properties of mixed-metal catalysts, 
192-195 

Temperature-programmed desorption of CO on 
Pt re-forming catalysts 

coverage variation, 246,247/ 
effect of calcination temperature with 

different reductions, 244,245/246 
effect of particle size, 246,247/ 
effect of predrying and partial desorption 

on IR spectra of absorbed CO, 
24Sy,250 

effect of predrying temperature, 246,24S|/* 
effect of Pt dispersion, 246,248/* 
effect of Pt loading, 246,248/" 
effect of sample amount, 246,247/ 
experimental procedure, 244 
spectra of catalyst with different 

activities, 246,248/* 
spectra of CO with and without C 0 2 trap, 

244,245/ 
Ten guidelines for catalyst testing 

diagnosis and minimization of transport 
disguises, 107,108/*,109,llQf 

early assessment of catalyst stability, 
113,114-115/ 

ensuring of isothermal conditions, 
104,106/",107,108* 

establishment of ideal flow pattern, 
102,103/104,105* 

following of good experimental practice, 
113-116 

gathering of meaningful catalyst 
performance data, 111-113,114/" 

providing of perspectives on results, 116 
selection of appropriate laboratory 

reactor, 101-102,103/ 
specification of objective, 99-100 
use of effective strategy, 100,101* 

Testing philosophies for evaluation of 
fluid catalytic cracking catalysts 

comparison of steaming and microactivity 
testing procedures, 127,129-134 

experimental procedures, 121 
fresh-catalyst properties, 121,123* 
laboratory evaluation procedures, 121 
microactivity testing, 127,128/",129* 
objective, 120-121 
steaming, 122-126 

Testing philosophy 
analysis of responses, 94-95 
drawing conclusions, 95-98 
hypothesis, 92-93 
protocol, 93-94 
responses, 94 

Tin passivation, vanadium contaminants in 
model fluid cracking catalysts, 41-42,43*,44 
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450 CHARACTERIZATION AND CATALYST DEVELOPMENT 

Transmission electron microscopy 
identification of crystallites in iron 

silicates, 366368 
image of iron silicate particle aggregate 

after steam treatment, 368,369/" 
image of iron silicate particle aggregate 

after steam treatment of unstirred 
gel, 368371/ 

procedures, 366 

U 

Ultramicrotomy, identification of impurities 
on catalysts, 277 

Ultrastable Y zeolites, formation, 25 

V 

V 2 O s , generation during calcination of 
catalysts, 40 

Vanadium-contaminated fluid cracking 
catalysts 

electron paramagnetic resonance studies, 
42,43*,44 

existence, 40 
experimental procedure, 41-42 
luminescence data, 42,43r,44 
material preparation, 41 
Mossbauer spectrometry, 43*,44 
tin passivation, 42,44 
X-ray powder diffraction, 42,44 

Vanadium species, role in catalyst 
deactivation, 40-41 

W 

Weisz window, description, 112 

X 

X-ray absorption near-edge structure (XANES) 
description, 275 
structure determination of cobalt sulfide 

phase in C o - M o - S catalysts, 321-326 
X-ray absorption spectroscopy 

description, 275 
structural studies, 275 

X-ray analytical methods 
analytical role in characterization and 

development of catalysts, 274 
application approaches, 274 

X-ray diffraction (XRD) 
advantages for use in catalyst research 

and development, 279 

X-ray diffraction (XRD)—Continued 
expression for diffracted X-ray intensity 

from crystallographic plane, 
280,281/282 

factors affecting zeolite patterns, 
284-298 

line broadening, 282,283/284 
locations of cations in zeolites, 263 
present and future, 297,299/300 
theory, 280,281/282 
use of peak widths and areas for average 

crystallite size and weight percent, 
282,283/284 

X-ray photoelectron spectroscopy (XPS) 
advantages, 214 
investigation of metal-support 

interactions, 214-220 
use in characterization of catalytic 

systems, 181 

Y 

Y zeolite(s) 
ability to distinguish types of sodium 

cations, 263-264 
chemical dealumination, 25 
C 0 2 spectra, 227,22$" 
hydrothermal dealumination, 25 
techniques for cation location 

determination, 263 
Y zeolite characterization with sodium-23 

magic-angle-spinning N M R 
acquisition, processing, and simulation of 

sodium-23 N M R spectra, 264 
comparison of spectra of dehydrated and 

cation-exchanged zeolites, 
268,27Qf,271 

comparison of spectra of hydrated and 
cation-exchanged zeolites, 
266,268,269/" 

determination of sodium-23 line origin, 
264,266 

molarities of cation-exchanged samples, 
264,265* 

reasons for study, 262-263 
sample preparation, 264 
spectra of lanthanum-exchanged zeolites, 

266,267/ 
Yield, definition, 112 

Z 

Zeolite(s), new, See New zeolites 
Zeolite X-ray diffraction powder patterns 

comparison of conventional and synchrotron 
patterns, 297,29Sf/300 
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INDEX 451 

Zeolite X-ray diffraction powder patterns— 
Continued 

deconvolution of pattern for Nu-13, 
292,29$297 

effect of cations, 287,291/ 
effect of changes in ordered stacking 

sequence, 284,286/",287 
effect of changes in structural symmetry, 

284,285/ 
effect of crystal morphology, 

292,293-294/" 
effect of diffraction geometry, 297,298/" 
effect of directing agents, 287,29Qf 
effect of extraframework material, 

287,289,291/ 
effect of framework structure, 284-288 

Zeolite X-ray diffraction powder patterns— 
Continued 

effect of impurities, 292,295-29^,297 
effect of instrumentation, 297,298/" 
effect of physical preparation of sample, 

292,294/" 
effect of preferred orientation, 292,293/ 
example of disordered stacking faults, 

287,288/" 
influencing factors, 284-298 

Z S M - 5 zeolite 
C O z spectra, 227,228/* 
effects of rehydration on deuteroxyl 

bands, 227,23Qf 
hydroxyl spectra, 225^2^,227 
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